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A B S T R A C T   

Combination products with a wide range of clinical applications represent a unique class of medical products that 
are composed of more than a singular medical device or drug/biological product. The product research and 
development, clinical translation as well as regulatory evaluation of combination products are complex and 
challenging. This review firstly introduced the origin, definition and designation of combination products. Key 
areas of systematic regulatory review on the safety and efficacy of device-led/supervised combination products 
were then presented. Preclinical and clinical evaluation of combination products was discussed. Lastly, the 
research prospect of regulatory science for combination products was described. New tools of computational 
modeling and simulation, novel technologies such as artificial intelligence, needs of developing new standards, 
evidence-based research methods, new approaches including the designation of innovative or breakthrough 
medical products have been developed and could be used to assess the safety, efficacy, quality and performance 
of combination products. Taken together, the fast development of combination products with great potentials in 
healthcare provides new opportunities for the advancement of regulatory review as well as regulatory science.   

1. Introduction 

A biomaterial is “a material designed to take a form that can direct, 
through interactions with living systems, the course of any therapeutic or 
diagnostic procedure” [1]. The development of biomaterial science and 
engineering has created many medical products, such as long-term im
plants [2–6], high-efficient drug delivery systems [7–10], and 
hydrogel-based devices with various functions [6,10–12]. As raw ma
terials and components, biomaterials could directly or indirectly affect 
the safety and performance of medical products [1]. As a result, the 
ultimate goal of biomaterial research and development is to contribute 
human healthcare by providing safe and effective pharmaceutical drugs, 
medical devices, biological products, as well as combination products. 
Many state-of-art biomaterial research projects in fact are targeting for 
potential applications as combination products. 

Medical devices are defined by regulations, and classified and 
regulated according to their complexity and the level of risks to the 
public [13,14]. According to the level of risks (from low to high) 
[13–15], the classifications of medical devices are divided into class I, 
class II and class III, and the regulatory requirements and control level 
also increased accordingly [13–15]. For example, the procedures to 
approve medical devices in China can be categorized into filing (for 
Class I devices) and registration (for the rest) [13,15]. In the US, Class I 
and II devices (without exemptions) should be registered by a 510k 
route for marketing [14]. Class III devices should be registered by a 
premarket approval application [14]. 

With the continuous development of technology to satisfy unmet 
clinical needs, combination products have developed into a unique form 
of medical products, such as those used in cardiovascular, orthopedic 
and neurological applications (see Fig. 1). At present, the marketed and 
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known combination products include drug-eluting stents, catheters with 
antibacterial coatings, antibiotic-loaded bone cements and 
antibacterial/anti-inflammatory wound stickers (see Fig. 1). In addition, 
more combination products such as tissue engineering medical products 
[16], bioartificial liver devices [17], and chip-containing smart pills 
[18] are also being developed. These combination products all have 
their therapeutic advantages, relying on cutting-edge innovative 
technologies. 

The innovative and complex nature of combination products pre
sents difficulties and challenges not only to academia and industry, but 
also to the regulatory agencies. This article aimed at addressing the 
needs of research, development, translation and regulation of combi
nation products. Firstly, we introduced the origin, definition and 
designation of combination products. Then, the regulatory review was 
presented and discussed focusing on the safety and efficacy evaluation of 
device-led/supervised combination products. Finally, future research 
directions of regulatory science for combination products were 
proposed. 

2. Origin, definition and designation 

Combination products with any two or three products of medical 
devices, pharmaceuticals and biological products combined emerged in 
1970s. These products have their own unique effectiveness. For 

example, antibiotic-loaded bone cements, made originally by Buchholz 
and Engelbrech in 1970, could reduce postoperative infection rate from 
6% to 1.6% in artificial total hip replacement [19]. Drug-elution stents, 
i.e. drug-coated scaffolds, could prevent neointima hyperplasia in blood 
vessels [20]. Herein, combination products were growing rapidly in 
many product areas, including antibiotic-loaded bone cements [21,22], 
drug-eluting stents [20,23], prefilled syringes [24,25], nicotine patches 
[26], and balloon catheters filled with radioactive liquid suspensions 
[27]. 

The U.S. Food and Drug Administration (FDA) has regulated com
bination products since 1970 [28]. For addressing regulatory issues with 
these products, the U.S. Food, Drug, and Cosmetic Act was revised in 
1990 [29]. These products were defined as “constitut(ing) a combination 
of a drug, device, or biological product” [29,30]. With the development of 
manufacturing technology, the universe and complexity of combination 
products are becoming increasingly prevalent. In 1991, combination 
products were firstly defined in Code of Federal Regulations Title 21 3.2(e) 
(21 CFR 3.2(e)) (Table 1) [31]. Combination products range from 
physical or chemical combinations, to products packaged together and 
products that are separately packaged but need to be used together [29]. 
Combination products were reported to account for about 30% of 
medical products [32]. Although the composition of combination 
products has been approved separately, the use of combination products 
may also pose additional risks. The addition of drugs or biological 

Fig. 1. Representative diagrams of combination products. A. drug-eluting stents. B. catheters with antibacterial coatings. C. antibiotic-loaded bone cements for total 
knee replacement. D. stitches containing antibacterial ingredients and their inhibition halo. E. Intracranial drug-eluting stent system. Images were provided by the 
manufacturers. 
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components may result in new intended uses and/or constitute different 
technical characteristics from the same variety of instruments, causing 
different safety and efficacy issues. Therefore, the development and 
complexity of combination products calls for efficient regulation to 
ensure their safety and efficacy. For the best regulation of combination 
products, the definition and designation of combination products should 
be firstly understood and examined. 

The Food and Drug Administration Modernization Act (FDAMA) of 1997 
passed the regulation of combination products [33]. On December 24, 
2002, FDA established Office of Combination Products (OCP) to ensure 
the prompt assignment and the timely and effective premarket review of 
combination products, according to modified section 503(g) in the 
Medical Device User Fee and Modernization Act of 2002 (MDUFMA) [34, 
35]. On July 22, 2013, FDA issued “Current Good Manufacturing Practice 
Requirements for Combination Products” (21 CFR Part 4) [36]. FDA’s 
regulation of combination products was updated and modernized in the 
21st Century Cures Act [29]. 

Combination products are a unique regulatory category [31,37]. 
FDA published a proposed rule for the definition of “mode of action” 
(MOA) and “primary mode of action” (PMOA) [34]. Combination 
products include more than one type of regulated article. Each constit
uent part has one MOA. The most important MOA is PMOA. The rule also 
sets forth an algorithm to assign combination products to an agency 
when the agency cannot determine the most important therapeutic ac
tion [34]. If the classification of combination products is unclear or in 
dispute, a sponsor can submit pre-request for designation (RFD) or RFD 
to OCP according to 21 CFR part 3 to obtain a formal classification 
determination [38]. FDA’s determination is mainly based on statutory 
definition, PMOA/MOA and the degree of innovation or the future use 
risks. OCP assigns audit responsibility for combination products to the 
Lead Center- Center for Biologics Evaluation and Research (CBER), 

Center for Drug Evaluation and Research (CDER) or Center for Devices 
and Radiological Health (CDRH) [38]. 

In China, a notice in 2002 firstly mentioned drug-containing medical 
devices and began the regulation of combination products [39]. 
Drug/device combination products with main effects as medical devices 
shall be regulated as Class III medical devices, and drugs in combination 
products should have drug registration certificate issued by National 
Medical Products Administration (NMPA) [39,40]. “Issues related to 
registration management of products combining drugs and medical devices 
(Repealed)” firstly noticed the definition of products combining drugs 
and medical devices [41]. NMPA announced on the registration of 
drug/device combination products in November 2009 (No. 16 of 2009) 
[42]. For the first time, drug/device combination products were defined 
in China. In 2021, NMPA stated “Announcement on the registration of 
drug/device combination products” (No. 52 of 2021) [43]. The 
announcement did not change the definition of drug/device combina
tions (see Table 1), but deleted the requirements that drugs in imported 
combination products should be approved previously by NMPA or 
countries (regions) of origin. 

For the designation of drug/device combination products, drug-led 
combination products should be registered as drugs, and medical 
device-led combination products should be registered as medical devices 
[43]. In 2019, NMPA issued the “announcement on adjusting the relevant 
matters concerning the definition of the attributes of drug/device combination 
products” (No. 28 of 2019) [44]. This announcement has been consoli
dated into No. 52 of 2021 [43] (see Fig. 2). The Center for Medical 
Device Standards Administration of NMPA (CMDSA) is responsible for 
the attributes-definition of drug/device combination products. The 
CMDSA has established a coordination system for the definition of at
tributes with the Center for Medical Device Evaluation of NMPA (CMDE) 
as well as the Center for Drug Evaluation (CDE). The CMDE is the lead 
center for medical device-led combination products, and the CDE is the 
lead center for drug-led combination products [43,44]. If the designa
tion of combination products is unclear or in dispute, the CMDSA would 
consult with experts in the field and/or hold expert committee meetings 
for proper designations. 

As aforementioned, the definition of combination products is 
different in the United States and China. When searching for that in 
other countries, the definition of combination products also varies from 
country to country (Table 1). The European Union does not have a 
universal definition of combination products, nor does it classify phar
maceutical combination products into a unit category [45]. In Europe, 
devices intended to administer both devices and medicinal products 
formed single integral medicinal products, which are intended exclu
sively for use in the given combination on the market [44]. In Japan, the 
definition of combination products is similar to that in the United States. 
Combination products refer to the combination of two or more regulated 
components of drugs, medical devices, or biological products (known in 
Japan as cellular and tissue-based product) [46]. Because these three 
types of products are regulated separately in the U.S. and Japan, it is 
more appropriate to describe combination products in the U.S. and 
Japan in terms of “combination products”. Moreover, unlike empha
sizing a single entity in China, the form of combination products in 
Japan and the United States could be a single entity, joint packaging and 
cross-labeling. Therefore, the definition of combination products is 
related to the specific national regulatory systems of different countries. 
The biggest difference in the definition of combination products among 
the three countries is the regulatory scope of combination products. 
However, the attributes-definition of combination products means how 
the combination products should be regulated. Therefore, the designa
tion of combination products also needs further attention. 

3. Regulatory review/technical evaluation 

Regulation and supervision of medical products should be 
throughout their life cycles. The core issue of regulatory review is how to 

Table 1 
The Definition of combination products in the U.S., China and Japan.  

Nation Name Definition 

United 
States 

Combination products “A product comprised of two or more regulated 
components, i.e., drug/device, biologic/device, 
drug/biologic, or drug/device/biologic, that are 
physically, chemically, or otherwise combined or 
mixed and produced as a single entity; Two or 
more separate products packaged together in a 
single package or as a unit and comprised of drug 
and device products, device and biological 
products, or biological and drug products; A 
drug, device, or biological product packaged 
separately that according to its investigational 
plan or proposed labeling is intended for use only 
with an approved individually specified drug, 
device, or biological product where both are 
required to achieve the intended use, indication, 
or effect and where upon approval of the 
proposed product the labeling of the approved 
product would need to be changed, e.g., to reflect 
a change in intended use, dosage form, strength, 
route of administration, or significant change in 
dose; or any investigational drug, device, or 
biological product packaged separately that 
according to its proposed labeling is for use 
only with another individually specified 
investigational drug, device, or biological 
product where both are required to achieve 
the intended use, indication, or effect.” [31] 

China Drug/device 
combination products 

“A product made up of drugs and medical 
devices and produced as a single entity.” [43] 

Japan Combination products “The products marketed as a single drug, 
medical device, or cellular and tissue-based 
product that combine two or more types of drug, 
device, processed cell, etc. that are expected to 
fall under the category of drugs, medical devices, 
or cellular and tissue-based products if marketed 
individually.” [46]  

J. Tian et al.                                                                                                                                                                                                                                     



Bioactive Materials 10 (2022) 492–503

495

evaluate the safety and efficacy of regulated products. Combination 
products are typical interdisciplinary products relating to medical de
vice and drugs. Safety is defined as “Freedom from unacceptable risk”, and 
efficacy is defined as “the ability of a medical device or IVD medical device 
to provide clinically significant results in a significant portion of the target 
population” [47]. The evaluation of combination products should follow 
the basic principles for research and development of these products. 
Given the complexity of definition and designation of combination 
products, this article focuses on medical device-led/supervised combi
nation products. The regulatory review/technical evaluation of the 
safety and efficacy of device-led/supervised combination products is the 
focus of this section. 

3.1. General consideration 

The key issues for the technical review of combination products are 
the risk identification and the overall risk-benefit evaluation of final 
products. If drugs or medical devices in combination products have been 
individually approved by the regulatory authorities, the risks of these 
individual parts have been evaluated. The previous evaluation could be 
used as supporting information to further support the safety and efficacy 
of the combination products. If combination products have new MOA, 
new indications, new target populations and new methods of use, for 
individually approved components, they need to be assessed through 
scientific evidence. For example, adding steroids to pacing conductors 
can reduce the inflammatory reaction at the wire tissue interface, and 
reduce polarization potential, pacing threshold, and pacing energy 
consumption [48,49]. The methods and intended use of steroids on 
electrode conductors are different from what they were approved 
separately as drugs. Scientific evidence is needed to support their 
claimed efficacy. In addition, while analyzing and discussing the clinical 
benefits of combination products after adding pharmaceutical in
gredients, it is also necessary to analyze the potential new risks that may 
be associated with them. For example, medical implants added or coated 
with antibiotics could achieve antibacterial efficacy [50,51]. However, 
low-level antibiotic exposure could induce resistance, which should not 
be ignored in the evaluation of such combination products [52]. 
Therefore, risks for adding drugs, especially new risks, should be the 
focus during evaluation. 

3.2. Design rationale and primary mode of action (PMOA) 

For combination products, the design rationale of adding a specific 
drug should be fully analyzed and demonstrated. For example, coronary 
stents are usually added with drugs including paclitaxel, rapamycin and 
its derivatives to reduce the restenosis rate caused by neointima hy
perplasia [53]. However, which drug should be included in the 

drug-eluting stents should be demonstrated by the design rationale of 
the products. Similar examples also include hyaluronic acid gel with 
lidocaine, which could be more effective for pain relief than hyaluronic 
acid alone [54], and antibiotic loaded bone cement, which could reduce 
hip and knee prosthetic joint infections [55]. 

For combination products, it is necessary to study whether their 
PMOA is led by the drug or the device component. The PMOA is the 
means by which the product achieves the desired therapeutic efficacy. 
The PMOA of a combination product is the means by which the product 
is expected to make the greatest contribution to the overall intended 
therapeutic efficacy. Combination product based on the PMOA of 
medical device is a medical device-led product. For these products, 
drugs play a supporting role on the PMOA of medical devices. It is 
necessary to study the principle of roles of drugs in the products, the 
mechanisms to achieve the intended use and the duration of action [56]. 

3.3. Preclinical evaluation 

3.3.1. Interactions of different components in combination products 
The interactions of different components in combination products 

should be considered firstly. Addition of drugs to a device product may 
change the original product’s production process, storage conditions, 
indications, contraindications and precautions. For example, heparin- 
containing oxygenators [57], triclosan-containing sutures [58], coro
nary stents with paclitaxel [59] could achieve anticoagulant, antibac
terial, and inhibition of local cell hyperproliferation, respectively. 
However, their drug loading processes may affect the mechanical 
properties and surface properties of the final devices [60,61]. When a 
device is used as a drug carrier, its production additives, processes or 
storage conditions may have an impact on drug activity, drug release, 
and overall product quality. For example, the production process and 
critical control points of antibiotic-loaded bone cements may include the 
effect of mixing process, the distribution of the drugs, and the effects of 
terminal sterilization on the drugs’ performance [62]. 

Considering the local use of drugs with medical devices, drug safety 
evaluation should be conducted on the carrier polymers (if any) and 
processing aids. The composition of drugs and their polymer carriers 
play very important roles in the final combination products. The 
following focuses on drug-eluting stents as an example. The drugs in the 
drug eluting coronary stents are designed to be released and absorbed at 
the target site of blood vessels [63]. Although drug concentration in the 
blood plasma after the implantation of drug eluting coronary stent is 
low, the concentration in the local tissue of the target vascular wall 
(especially when the stent is overlapped) may be much higher than that 
in the blood after the product is systemically used [63,64]. Polymer 
carriers should be able to coat enough drugs on the stent, and also affect 
the release profile of drugs from the stents [60,65,][66]] [][][]. 

Fig. 2. The application process of attributes-definition of drug/device combination products in China [43].  
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Therefore, it is necessary to carry out research on drug dose density 
selection, total dose concentration selection in a single stent, drug and 
carrier polymer formation selection, coating stability, and in vitro/in vivo 
release characteristics of drugs to evaluate the overall toxicology risks of 
final products. 

3.3.2. Qualitative, quantitative and in vitro release of drugs in combination 
products 

The rationale for determining drug content/dose in combination 
products should be investigated. In wound dressing products with 
antibacterial ingredients, the dosage of antibacterial ingredients is 
determined by the minimum inhibitory concentration and safety 
thresholds for the whole body [67,68]. For antibiotic-loaded bone ce
ments, antibiotic content, antibiotic delivery volume and rate, topical 
antibiotic concentration change, the minimum inhibitory concentration 
(MIC), resistant variants value concentration (MPC value), resistance 
caused by low-dose local antibiotics, and the effective release time 
should be evaluated [62]. If the content of a drug refers to a current 
combination product, the research should be conducted on the impact of 
design differences between the current and predicted products. Struc
tural design and carrier material formulations could change the release 
rate of drugs [66,69,][70]] [][][]. For combination products that ach
ieve functions by releasing drugs to the intended site (such as sustained 
release, controlled release or other release methods), such as 
drug-eluting stents, drug-containing balloon catheters, and 
silver-containing dressings, drug release studies are needed [71–77]. In 
vitro release study can be used to evaluate the stability of final products 
and coatings [77–80]. For combination products containing bioactive 
substances, such as orthopedic devices containing osteoinductive agents 
and growth factors and surgical instruments containing heparin coating, 
studies on MOA are needed. For example, qualitative and quantitative 
investigation could be conducted through the research of content, ac
tivity, and efficacy of bioactive substances [81,82]. 

3.3.3. Biological evaluation 
For combination products, biological evaluation of final products 

could reference to the series of ISO 10993 standards. Drugs may affect 
the results of biological evaluation tests. Drug coatings of drug-elution 
stents may also have an impact on biocompatibility after stents are 
placed [83,84]. As a result, researchers need to combine the MOA of the 
drugs and clinical benefits to demonstrate whether the biological risks 
introduced by the drugs are acceptable. Drugs in combination products 
typically have a local effect. If drugs in combination products were 
approved previously for indications different from that of the combi
nation products, the safety of the final combination product should be 
evaluated in conjunction with drug safety data. However, it is necessary 
to consider whether the new combination will cause any change of the 
established or understood safety and efficacy of drugs. If the exposed 
local or systemic drug concentration of combination products is greater 
than the approved drug dose, additional safety studies may be needed, 
such as the neurotoxicity of intracranial devices [85]. For some com
bination products, such as drug-containing balloon catheters, since body 
contact time and frequency of the drug may be different from that of the 
device, it may be not accurate to use single contact method to assess the 
biological risk [86]. 

3.3.4. Animal studies 
According to technical features of combination products, animal 

studies need to be designed to include in vivo drug release dynamics and 
in vivo pharmacodynamics. For example, the animal studies of a drug 
eluting stent should include the performance of drug delivery, systemic 
toxicity, local toxicity, screening of drug doses, formulation and coating 
thickness of carrier polymer, and drug release as well as pharmacoki
netics [87] [[,88]. For animal studies on silver-containing wound dres
sing products, animal models and wound or disease models must be 
identified. The wound or disease models should cover the intended use 

of the product. The application method and frequency and the outcome 
measures and their rationale and standards should be evaluated by an
imal studies. Whether the addition of silver affects the local healing of 
the tissue also need to be investigated. The absorption, distribution, 
metabolism and excretion of silver in the animal body need to be studied 
to evaluate the accumulation and existence of silver in the body [89]. 

3.4. Clinical evaluation 

Before carrying out clinical evaluation of combination products, it is 
necessary to clarify and understand their MOA and PMOA, intended 
efficacy, potential risks, and adverse events. Such examples include but 
not limited to the followings. Is the intended use of combination prod
ucts consistent with, similar to, or significant different from the com
ponents of combination products? Do combination products expand or 
exceed the intended use or claim more clinical benefits than their 
components when used alone? For the instruction for use of combination 
products, have the route of drug administration, drug release, and local/ 
systemic drug exposure range in combination products changed 
compared to when the drug is used alone or may the change bring new 
risks? 

“Standards for quality control of medical device clinical trials” 
should be followed to conduct clinical evaluation of combined products 
[90]. Combining the risks and benefits of combination products, a 
reasonable clinical evaluation path can be selected to demonstrate the 
safety and efficacy, and to provide a basis for the Products’ Instructions 
for use. The key components of clinical trial protocols for combination 
products include sample size, statistical methods, clinical endpoints, 
intended uses, efficacy claims, and the number of clinical studies if 
multiple trials are included. The purpose of adding pharmaceutical in
gredients to devices is often to improve product functions or reduce 
adverse events related to the product uses. It is necessary to demonstrate 
the products’ clinical risks and benefits. It is also necessary to combine 
the performance characteristics and intended efficacy of combination 
products to demonstrate their science and adequacy of the clinical 
design. For example, due to the differences in the goals of clinical 
treatments, different drug-eluting stents may have different safety and 
efficacy evaluation outcome measures [91]. If the combination products 
contain new active drug ingredients, special attention should also be 
paid to the safety of drugs in clinical trials. Preliminary studies might be 
necessary to characterize the pharmacokinetics and metabolism of the 
drug as well as to determine the safety of the drug for human use, prior 
to the clinical study of the combination product [92]. These studies 
might not be necessary for drugs with previous approval for use in 
human or with available human safety information. 

Taken together, the goal of regulation and supervision of combina
tion products is to scientifically and comprehensively evaluate and 
ensure their safety and efficacy. Their regulatory review and technical 
evaluation are complex, scientifically demanding, and systematic with 
multi-step and multi-level assessments. Thus, regulatory science for 
combination products should be pursued and executed. 

4. Regulatory science for combination products 

As aforementioned, the safety and efficacy evaluation of combina
tion products is difficult and complex. In the 21st century, the concept of 
regulatory science has gradually been accepted by FDA and later 
developed to an important field to ensure the safety and efficacy of 
medical products [93]. In August 2011, the FDA developed its Strategic 
Plan for Regulatory Science [94]. To promote research in regulatory 
science, FDA not only established a dedicated office, but also worked 
with the universities. In China, NMPA launched its Regulatory Science 
Action Plan (RSAP) in April 2019 [95]. “Combination Products” was 
among the first batch of nine key regulatory science projects initiated by 
NMPA. Based on the concept initiated by FDA [93], regulatory science of 
medical product is the science of developing new tools, new 
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technologies, new methods, new standards, and new approaches to 
assess the safety, efficacy, quality and performance of medical products 
throughout their life cycles. This section looks into the current and 
future prospects of regulatory science for combination products from 
new tools and technologies, new standards, new methods, and new 
approaches. 

4.1. New tools and technologies 

4.1.1. Computational Models and Simulation 
Computational Models and Simulation (CM&S) used in medical de

vices is to apply computational modeling science and simulation tech
nology to evaluate medical products. In FDA, the research on CM&S 
associated with medical devices conducted by Office of Science and 
Engineering Laboratories (OSEL) is “Credibility of Computational 
Models Program”, which is used to minimize the risk of erroneous de
cisions based on computational predictions [96,97]. CM&S could also be 
used to simulate the clinic settings for virtual patients and to reduce 
clinical trials. 

CM&S could reveal the interaction between products and patients, 
and reduce adverse reactions by adequate quantification of risks and 
security testing. CM&S could also reduce the cost and duration of clin
ical research. For example, computational simulation of clinically- 
relevant bioprosthetic valve performance metrics could provide scien
tific evidence for accurate and long-term deformation performance of 
transcatheter heart valves [98]. CM&S could assess the performance of 
bioprosthetic heart valves (BHV) because of excellent agreement be
tween the computational and experimental results for the outcome 
measures commonly used to assess BHV performance [99]. A multi
modal imaging-based anatomical model of the human head and neck 
could be used to analyze the safety and efficacy of medical products 
[100]. CM&S instead of clinical trials was applied in the regulatory 
approval of Advisa SR to demonstrate safety [101]. 

CM&S is successfully used to study drug deposition in coronary ar
teries with overlapping drug-eluting stents, solving the problems of 
complex three-dimensional geometry of deployed stents together with 
the drug transport (see Fig. 3) [64]. CM&S is also applied to study me
chanics and drug release properties and model flow-mediated drug 
transport of combination products, such as drug-eluting stents [60,102,] 
[103]] [][][]. The results of CM&S could provide scientific evidence and 
recommendations for the clinical practice of combination products. 

4.1.2. Artificial intelligence 
Artificial intelligence (AI) is a powerful tool to gain insights from a 

large amount of data from the real-world use and daily healthcare 
experience with computational models, expert systems and machine 
learning (ML) [104]. Consequently, healthcare could be importantly 
transformed by AI. According to FDA, AI is defined as “the science and 
engineering of making intelligent machines, especially intelligent computer 
programs” [104,105]. As an AI technique, ML can be used to create new 

software algorithms based on real world data [104]. AI and ML tech
nologies could create medical products to better improve patient care 
and assist healthcare providers [104]. AI/ML could be involved in the 
research and development of pharmaceuticals throughout the lifespan, 
such as design, drug screening, prediction of the physicochemical 
properties, bioactivity and toxicity, quality regulation, and clinical 
evaluation (see Fig. 4) [106–110]. In medical devices, AI/ML-based 
medical devices are developed to contribute in image acquisition and 
processing, earlier disease detection and diagnosis, prognosis, risk 
assessment, new patterns identification on human physiology, and 
personalized diagnostics and therapeutics [105]. GI Genious is the first 
device that help detect potential signs of colon cancer using AI [111]. 
Abilify MyCite (aripiprazole tablets with sensor) is an FDA-approved pill 
using AI and has the ability to digitally track patient medications [112]. 

4.1.3. Organs-on-chips 
Human organs-on-chips are microfluidic devices created with 

microchip manufacturing methods, which linked with living human 
cells [113–115]. Human organs-on-chips could accurately mimic the 
physiology and mechanical environment in human body by reproduce 
blood and air flow in their tiny fluidic channels [113,115]. 
Organ-on-chips could recapitulate the multicellular architectures, 
vascular perfusion, tissue-tissue interfaces and physicochemical micro
environments of human organs (see Fig. 5) [113,116,117]. The human 
airway chip could recreate the lung environment, such as airways and 
blood vessels, which could be used to study the effect of different drug 
and pathogens on lung function [118]. Recently, organ-on-chips could 
model organ-level physiology and disease and develop cancer-on-a-chip 
models [113]. Organ-on-chips could make progress in tissue develop
ment, disease etiology and organ physiology, which is valuable for the 
research in toxicity testing, molecular MOA, and drug/medical device 
shielding [5]. Organ-on-chips could be used in adsorption, distribution, 
metabolism, elimination and toxicity (ADMET) testing, PK/PD 
modeling, efficacy testing and drug discovery [113,117,][119]] [][][] 
(see Fig. 5). These functions could be of value for clinical trials and 
progressively replacement of animal-based tests [113]. Besides 
organs-on-chips, other 3D biomimetic cultures [120], such as 3D 
printing organ-specific tissues [121,122] and cell sheets [123,124], 
could also serve the platforms for the testing and evaluation of medical 
products including combination products. 

As aforementioned, CM&S, AI/ML and Organ-on-chips are new tools 
and technologies for research and development as well as efficacy and 
safety evaluation of combination products. New tools and technologies 
such as organs-on-chips have their unique advantages, such as replacing 
part of conventional animal studies, reducing animal studies, and 
improving study efficiency. New tools and technologies such as 
computation modeling may also be used to reduce the sample size of 
clinical studies, thereby promoting safer and faster market-entry of new 
products. With advances in computer science, engineering and biolog
ical research, these new tools and technologies may gradually develop to 

Fig. 3. Combined high-resolution, multi-scale ex vivo computed tomography with a flow and mass transfer computational model for studying drug deposition in 
coronary arteries with overlapping drug-eluting stents. Reprinted with the permission from 2016, Elsevier [64]. 
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a primary platform for preclinical testing and evaluation of medical 
products. In the coming future, these tools and technologies will be 
developed alongside conventional tools to evaluate and regulate 
advanced medical products, such as combination products. 

4.2. New standards 

According to the document produced by International Medical De
vice Regulators Forum (IMDRF), standards are defined as “part of regu
latory compliance, their development can benefit from these Essential 
Principles of Safety and Performance” [47]. International standards reflect 
the best experience of industry, researchers, consumers and regulators 
around the world and serve as an important basis for regulatory 
compliance assessments, providing an effective way to simplify and 

coordinate regulatory processes worldwide [47]. The fast development 
of combination products calls for new standards and their own standard 
system to provide guides, test methods and specifications for common 
and repeated use [125]. New standards and their standard system also 
provide consistent and accurate results, which is extremely helpful to 
the safe and effective supervision and technical review of combination 
products. ISO 12417-1 sets a good example of standard of a combination 
product by specifying minimum requirements for vascular device-drug 
combination products [92]. 

Existing standards face challenge for combination products in 
product testing, developing performance characteristics, testing 
methods, scientific protocols, product standards and specifications. A 
standard can be “a physical object/material (e.g., reference materials/ 
reference standard), a document (e.g., documentary standard that defines 

Fig. 4. AI-based drug, toxic and proprietary prediction software platform. Reprinted with the permission from 2020, Oxford University Press [110].  

Fig. 5. Organ-on-chips could be used in ADMET testing, PK/PD modeling, efficacy testing and drug discovery. Reprinted with the permission from 2011, Elsev
ier [117]. 
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terms and describes the use of rules, conditions, guidelines or characteristics 
for products or related processes and production methods, as well as related 
quality management systems, a test method or a specification) or a set of 
reference data” [126]. Therefore, the development of standards could be 
divided to several levels. Standards development could further accel
erate product development by providing a platform for the convergence 
of diverse scientific approaches to promote evaluation and regulation of 
combination products. 

4.3. New methods 

Evidence-based research is the research using approaches such as 
systematic review and meta-analysis that were developed by evidence- 
based medicine [127]. Evidence-based research is an important 
method for preclinical and clinical research of medical products. This 
method provides scientific evidence for the evaluation of the safety, 
efficacy, quality and performance of medical devices [128–132]. 
Evidence-based research can be used to prove safety and effectiveness to 
the greatest extent and eliminate the unnecessary burden of repeated 
research [128,129]. Evidence-based research can provide fully cumu
lative evidence about the safety and efficacy of medical products (see 
Fig. 6) [128,129]. The evidence can assess feasibility, benefits and risks 
of clinical translation of novel medical products [129], and can help to 
identify the main risks of medical products for the regulatory review and 
technical evaluation [128]. 

Evidence-based research can evaluate the quality of evidence for 
combination products and provide scientific basis for determining the 
drug selection and dose in the final products, which is one of the critical 
points whether drugs can play the expected roles in the clinical use. In 
addition, novel polymeric materials as drug carriers are one of the 
evaluation focuses for combination products. Because the drugs may 
also be used in the novel polymeric materials, how to evaluate their 
safety has become the focus of research of combination products. 
Evidence-based research methods such as systematic reviews and meta- 
analyses could provide useful methods to perform such safety evalua
tions [133–135]. 

Evidence-based research may also provide references for the clinical 
research design of combination products. In pre-market clinical 
research, controls are often one of the followings: pure medical devices 
without any drug content, predicate similar drug-containing medical 
devices or clinically recognized gold-standard treatments. In addition, 
the primary endpoint measures are determined by the intended uses and 
claimed efficacy of the product. However, these clinical studies are 
limited by the number of patients and observation time. It may not be 
possible to fully assess whether the combination product can obtain 
expected benefits of the added drugs, and whether the product adverse 
events are fully identified. Therefore, it is necessary to accumulate long- 
term follow-up clinical data to conduct evidence-based research. For 
example, a systematic and meta-analysis in the American Journal of 
Cardiology confirmed that the efficacy of the drug-coated balloons 

(DCBs) on coronary in-stent restenosis (ISRs) are not better than second- 
generation drug-eluting stents [136]. However, DCBs also have irre
placeable advantages of “intervention without implantation”, such as 
the treatment of small vascular lesions with small diameters, and ISRs 
that have previously been treated with stents. 

Real world evidence (RWE) is defined as “the clinical evidence 
regarding the usage and potential benefits or risks of a medical product 
derived from analysis of real-world data (RWD)” [137]. Real-world 
research could provide supplementary evidence besides evidence from 
traditional clinical trials [138]. Compared with traditional clinical trials, 
real-world research has the advantages of large amount of data, rich 
data dimension, wide coverage of patient population, long follow-up 
time, good external authenticity of treatment process and result evalu
ation, and good extrapolation of research results. As the recognized 
value continues to increase, RWE will certainly facilitate the regulatory 
approval processes for combination products. For example, it could be 
used to evaluate the long-term safety and effectiveness of high-risk 
combination products, and to support the potential modification of in
dications of the combination products. 

4.4. New approaches 

Countries around the world all pay close attentions to innovative 
medical products, and have issued a number of policies and regulations 
to encourage innovative products research and development. Break
through Therapy/Device Designation is an FDA program intended to 
accelerate the development and review of new drugs and medical de
vices for serious or life-threatening diseases [139]. Such designation was 
provided by Food and Drug Administration Safety and Innovation Act 
(FDASIA), signed on July 9, 2012 [140]. This new designation is a novel 
review path of FDA, following fast track, accelerate approval and pri
ority review [139,141]. In Japan, the amended Pharmaceutical Affairs 
Law established regulations and controls of regenerative medicine 
products [142]. Pharmaceuticals and Medical Devices Agency (PMDA) 
in Japan has established a Regulatory Science Center in 2018 to further 
strengthen the review and safety of regenerative medicine products 
[142]. 

China also encourages the development of innovative medical 
products. From 2014 to 2018, the State Council of the People’s Republic 
of China and NMPA issued several documents about innovative medical 
devices [143–147]. Announcement of NMPA on Special Review Proced
ures for Innovative Medical Devices set up a special approval path for 
innovative medical devices [143]. NMPA also issued the medical device 
priority approval procedure for special medical devices [144]. These 
regulations and policies have promoted the development and commer
cialization of combination products. Until July 2021, NMPA has 
approved 115 innovative medical devices from 96 companies, nine of 
which are combination products. In addition, four combination products 
were also approved through priority review. 

Fig. 6. The standard process of conducting evidence-based research. Reprinted with the permission from 2021, Elsevier [129].  
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5. Conclusion 

The advancement of innovative biomaterials and technologies has 
promoted the research and development of combination products, 
which was originated in 1970s. The definition and designation of com
bination products depend on the regulations specified by regulatory 
authorities. The goal of the regulatory review of combination products is 
to evaluate and ensure their safety and efficacy. A systematic approach 
of regulatory review of combination products should focus on their 
design rationale, PMOA, preclinical evaluation and clinical evaluation. 
However, there are difficulties in the designation of combination prod
ucts with controversial MOA. Different definition and regulation in 
different countries bring about new regulatory difficulties. The future 
combination products may be more complex and innovative with novel 
compositions, technologies and intended uses. Novel combination 
products may bring new benefits as well as risks. Advanced regulatory 
evaluation system and post-market surveillance system are required for 
the regulation of innovative combination products. The difficulty and 
complexity of regulatory evaluation of combination products present 
both challenges and opportunities to the regulatory authorities, calling 
for the development of regulatory science. Promising research areas in 
regulatory science of combination products include new tools and 
technologies (CM&S, AI and organ-on-chips), new standards, new 
methods such as evidence-based research and new approaches including 
the designation of innovative or breakthrough products programs. 
Regulatory inputs especially contributions of regulatory science will 
greatly benefit the future development of combination products. 
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