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Abstract

Nano drug delivery systems (NDDS) offer promising solution for the translation of future 

nanomedicines. As bioavailability and therapeutic outcomes can be improved by altering the 

drug release from these NDDS, it becomes essential to thoroughly understand their drug release 

kinetics. Moreover, U.S. Food and Drug Administration (FDA) requires critical evaluation of 

potential safety, efficacy and public health impacts of nanomaterials (FDA, 2014a). Spiraling 

up market share of NDDS has also stimulated the pharmaceutical industry to develop their 

cost-effective generic versions after the expiry of patent and associated exclusivity. However, 

unlike the conventional dosage forms, the in vivo disposition of NDDS is highly intricate and 

different from their in vitro behavior. Significant challenges exist in the establishment of in 
vitro-in vivo correlation (IVIVC) due to incomplete understanding of nanoparticles’ in vivo 

biofate and its impact on in vitro experimental protocols. A rational design of dissolution may 

serve as quality and quantity control tool and help develop a meaningful IVIVC for favorable 

economic implications. Clinically relevant drug product specifications (critical quality attributes) 

can be identified by establishing a link between in vitro performance and in vivo exposure. In 
vitro dissolution may also play a pivotal role to understand the dissolution-mediated clearance 

and safety of NDDS. Prevalent in vitro dissolution methods for NDDS and their limitations are 

discussed in this review, among which USP 4 is gaining more interest recently. Researchers are 

working diligently to develop biorelevant in vitro release assays to ensure optimal therapeutic 

performance of generic versions of these NDDS. This article focuses on these studies and presents 

important considerations for the future development of clinically relevant in vitro release methods.
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1 ∣ NANO DRUG DELIVERY SYSTEMS (NDDS) & CURRENT REGULATIONS

Nanotechnology is emerging as a promising approach for formulation development to 

improve therapeutic efficacy and safety of conventional dosage forms (Ventola, 2017). 

Presently, drugs in a variety of nano-sized dosage forms, such as liposomes, proteins 

and protein-drug conjugates, nanocrystals, polymeric nanoparticles, and other lipid-based 

systems, have successfully entered the market and are being used for diverse range of 

indications. A detailed list of commercialized NDDS is presented in Table 1. These 

NDDS propose innovative strategies for improving drug performances as compared to 

conventional formulations. NDDS can enhance drug solubility, reduce gastric degradation, 

provide controlled/sustained drug release or prolong circulation time to allow greater drug 

accumulation and better delivery efficacy (Deng et al., 2019). NDDS can circumvent 

physiological barriers (such as immune system, renal clearance, enzymatic and mechanical 

degradation) to achieve higher therapeutic drug levels, even with a lower dose. Increased 

permeability of vasculature and poor lymphatic drainage of tumor microenvironment allows 

passive targeting of NDDS (e.g., Doxil®, Baxter Healthcare Corp), well known as enhanced 

permeability and retention (EPR) effect. Active targeting is based on receptor-ligand 

binding. NDDS can be attached to a suitable ligand (e.g., antibodies, proteins) that binds 

to receptors present on specific cells (e.g., Trastuzumab binds to HER2 receptors) (Attia et 

al., 2019).

The Biopharmaceutics Classification System (BCS) has found widespread utility in drug 

product development by classifying drugs candidate based on their aqueous solubility and 

intestinal permeability. Low solubility and/or low permeability could lead to poor oral 

bioavailability. For oral administration, an NDDS (e.g., nanocrystals/nanosuspensions) with 

high kinetic solubility and dissolution rate improves the oral absorption due to significantly 

reduced particle size and increased surface area-to-volume ratio. Liposomes and other 

lipid-based NDDS could also enhance the drug permeability by facilitating the interactions 
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between drug and lipophilic cell membrane (Dave et al., 2017).For parenteral administration, 

NDDS were able to significantly upgrade the solubility of poorly water soluble anticancer 

drugs without using toxic solubilizing agents e.g., polyethoxylated castor oil (e.g., paclitaxel 

in Abraxane® )

Nanotechnology brings both, the enthusiasm and the regulatory concern. Biocompatibility, 

unknown toxicity, quality control and scale-up issues are major obstacles for the growth 

of NDDS market. Regulatory agencies make continuous efforts to bridge the significant 

knowledge gap. FDA interacts with other government agencies to develop innovative, 

safe, and effective pharmaceutical products and technologies to avoid duplication of 

effort. The National Center for Toxicological Research (NCTR) develops analytical tools 

and procedures to assess the safety of nanomaterials. National Cancer Institute (NCI) 

founded the Nanotechnology Characterization Laboratory (NCL) with the cooperation of 

FDA and National Institute of Standards and Technology (NIST) to test the efficacy and 

toxicity of NPs. FDA has issued several non-binding guidances on the recommendation of 

FDA's Nanotechnology 2020 report. These guidance documents represent FDA's current 

thinking on the use of nanotechnology or nanomaterials including “ Draft Guidance for 
Industry – Drug Products, Including Biological Products, that Contain Nanomaterials”
(FDA, 2017a); “Considering Whether an FDA-Regulated Product Involves the Application 
of Nanotechnology”(FDA, 2014a); “Liposome Drug Products: Chemistry, Manufacturing, 
and Controls; Human Pharmacokinetics and Bioavailability; and Labeling Documentation”
(FDA, 2018a); “Use of Nanomaterials in Food for Animals”(FDA, 2015) “Safety of 
Nanomaterials in Cosmetic Products”(FDA, 2014b) etc.

European Union (EU) also promotes the development of nanomedicines by publishing 

guidelines, ‘scientific advice’ and ‘protocol assistance’ through Scientific Advice Working 

Party (SAWP). Innovation task force (ITF) at the EMA provides a platform for exchange 

of information between innovators and regulators on the topics including nanomedicines, 

novel delivery methods, modelling and simulation. Innovative Medicines Initiative (IMI) 

is a partnership between European Commission (public partner), and European Federation 

of Pharmaceutical Industries and Associations (EFPIA - private partner) to promote rapid 

development of safe and effective innovative medicines including nanomedicines.

2 ∣ IN VITRO DISSOLUTION TESTING: SIGNIFICANCE

Throughout the drug product development in vitro dissolution testing has gained greater 

attention as a surrogate test for product performance to possibly avoid the expense, time, 

labor, and need for in vivo measurements of drug release kinetics. Kinetics of drug release 

is a key parameter to assess product safety and efficacy by providing critical information 

about dosage form behavior. Many studies have been devoted to the development of suitable 

dissolution method and apparatus to provide details on the release mechanism and kinetics 

from complex dosage forms like NDDS. It is highly important to thoroughly understand 

the drug release kinetics of NDDS to meet specific therapeutic objectives and to scrutinize 

their long-term fate in order to develop safer nanomedicines. A variety of mechanistic 

mathematical models have been used to describe drug release from NDDS. These models 

are based on the mechanism of rate limiting step of drug release, such as diffusion, 
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swelling, erosion/ dissolution of polymer (Fredenberg et al., 2011; Zolnik & Burgess, 2008). 

Appropriate kinetic model (e.g., Higuchi square root law, Korsmeyer–Peppas model/power 

law, Hixson–Crowell model, Weibull model, reciprocal powered time (RPT) model) can be 

used to most accurately fit NDDS drug release data (Bruschi, 2015). Dissolution testing 

benefits and expedites drug development in several ways, including quality control, quality 

assurance, compendial testing, substantiation of label claim and evaluation of minor changes 

in formulation or manufacturing process.

2.1 ∣ Quality control tool for NDDS

In vitro dissolution testing is used as a valuable quality control tool for NDDS. BCS 

classification alone is not sufficient to predict the complex in vitro release profiles (bi- 

or tri-phasic) and in vivo physiologic responses of NDDS because formulation/process 

parameters besides the drug properties complicate the drug release (Kamaly et al., 2016). 

Quality of NDDS is ensured by critical quality attribute (CQA) (e.g., particle size, 

encapsulation efficiency, and zeta potential), which is defined as any physical, chemical 

or biological property that should be kept within a specified range. Like other CQA, the 

consistence of in vitro release profile can help establish ‘critical material attributes’ (CMA) 

and ‘critical process parameters’ (CPP) (Bastogne, 2017) for NDDS. CMAs include the 

formulation parameters (e.g., drug load, surfactant concentrations, drug-polymer ratio, drug­

lipid ratio, organic to aqueous phase ratio) and CPP include the production parameters (e.g., 

processing temp., sonication time, stirring rate, flow, injection rate) capable to cause CQA 

variability. Krull S.M. et al explored the impact of various CMA (i.e., molecular weight 

and concentration) of film-forming polymer (HPMC; hydroxy propyl methyl cellulose) on 

the properties of films loaded with Griseofulvin (BCS II drug) NPs. They demonstrated 

that CMA of film-forming polymer can be changed to manipulate the drug release without 

impacting the film mechanical properties, drug content uniformity, or redispersibility of drug 

NPs (Krull et al., 2017).

The similarity factor (f2) and difference factor (f1), presented by equation (1) and (2) 

respectively (Anderson et al., 1998; FDA, 1997b) are qualitative (model independent) 

approaches to compare the dissolution pairs. Two profiles are considered as ‘similar’ when 
f2 value lies between 50 and 100 and f1 value is between 0 and 15. It is noteworthy that 

the f2 value being a log function, a minor difference in profiles will lead to a large drop in 

f2 value (Anderson et al., 1998; Kassaye & Genete, 2013; Shah et al., 1998). However, it is 

important to note that other CQA such as particle size, size distribution, and encapsulation 

efficiency etc. should be determined for NDDS (Stevens et al., 2015). Dissolution efficiency 

(DE), expressed by equation (3) is another quantitative approach proposed by Khan and 

Rhodes in 1975 to compare dissolution profiles.

f2 = 50 ⋅ log 1 + 1
n ∑

t = 1

n
(Rt − T t)2

−0.5
× 100 (Equation 1)
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f1 = ∑
t = 1

n
∣ Rt − T t ∣ ∕ ∑

t = 1

n
Rt × 100 (Equation 2)

DE =
∫t1

t2y ⋅ dt
y100 × (t2 − t1) × 100 (Equation 3)

Where, n = number of time points; Rt = mean % reference drug dissolved at time t after 

initiation of the study; Tt = mean % test drug dissolved at time t after initiation of the study; 

y = % dissolved, y100 = maximum dissolution. The area under the curve, ( ∫t1
t2y⋅dt ) can be 

estimated using model independent (trapezoid) or model dependent methods (Anderson et 

al., 1998) .

Yuan W. et al. established an USP 4 assay to compare the dissolution profiles (using 

similarity factors f2) of in-house doxorubicin liposomes and FDA approved liposome 

formulation, Doxil®. They concluded that such assay could serve as a quality control tool 

for generic liposome formulations (Yuan et al., 2017). Tang J. et al. compared Amphotericin 

B drug release from FDA approved liposome, AmBisome® with different generic liposomal 

products. For Amphonex® and Phosome®, the similarity factor values of more than 50 

demonstrated that drug release from two generic formulations were similar to the innovator 

drug product. In this study, the USP 4 in vitro release assay was employed as a quality 

control tool to assist development of generic liposome formulations (Tang et al., 2019).

2.2 ∣ Toxicity assessment for NDDS

Leveraging theranostic (therapeutic and diagnostic) advantages of engineered nanomaterials 

also extends unsolicited interactions with environment, biological compartments and cellular 

processes (Gupta & Xie, 2018). Ability of NPs to stay inside the body for long period 

of time is known as ‘biopersistence’. It depends not only on the clearance (physiological 

and mechanical) but also on biodurability of NPs (innate resistance of NPs to mechanical, 

chemical or biological degradations). A long residence-time reflects the greater possibility 

for their accumulation and subsequent higher bioavailability and potential toxicities 

(Gualtieri et al., 2018; OECD, 2018; Utembe et al., 2015).

Knowledge of in vitro dissolution rate and dissolution lifetime can be fundamental in 

understanding the dissolution-mediated clearance and safety of NDDS. Dissolution lifetime 

is the time required for the largest particles in the polydisperse NP population to completely 

dissolve (Utembe et al., 2015). The dissolution rate constant can be obtained by two 

methods: (i) thermodynamic approach involves calculations of Gibbs free energy (G) (for 

the system comprising of NPs, dissolved material and solvent) as the function of particle 

size (Hellmann & Tisserand, 2006; Machrafi, 2020; Tang, 2005) (ii) graphical approach uses 

linear plots of integrated rate laws (e.g., Zero order, First order, Higuchi square root law, 

Weibull model etc.).
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2.3 ∣ IVIVC for NDDS

FDA defines the in vitro-in vivo correlation (IVIVC) for drug products as "a predictive 

mathematical model describing the relationship between an in-vitro property of a dosage 

form and an in-vivo response"(FDA, 1997a). It is a suitable surrogate to the single point 

dissolution assessment and can be used to establish correlation with in vivo pharmacokinetic 

parameters of various NDDS (Alshora et al., 2018; Ha et al., 2014; Kim & Baek, 2014).

IVIVC can be developed at four different levels (Cardot & Davit, 2012; FDA, 1997a; 

Qureshi, 2010): Level A, point to point correlation between in vitro dissolution curve and 

in-vivo dissolution curve (or absorption curve); Level B, correlation of mean dissolution 

time to mean residence time (or mean absorption time), based on the principles of statistical 

moment theory; Level C, single point relationship between time to have 10, 50, 90% 

dissolution (or rate of dissolution, dissolution-efficiency, disintegration time) and time to 

have 10, 50, 90% absorption (or Cmax, Tmax, Ka, AUC); Multiple level C, correlation of one 

or several pharmacokinetic parameters to amount of drug dissolved at several time points 

(minimum of 3 dissolution time points at early, middle, and late dissolution stages). Various 

studies have attempted to establish level A and level C correlations for a variety of NDDS 

(discussed in later sections).

3 ∣ IN VITRO DISSOLUTION METHODS FOR NDDS

There exists a lack of standard in vitro dissolution method for NDDS. Different drug release 

methods are being used by different researchers. With increasing number of marketed 

NDDS, a generic applicant may need to design a novel in vitro release method for their 

unique drug product. Dissolution rate of NPs may be determined by either in vitro (acellular 

or cellular) or in vivo tests as shown in Figure 1a. Current available in vitro acellular 

methods include three categories: dialysis membrane, sample and separate, and continuous 

flow. Sink conditions are usually recommended for fast and complete dissolution of dosage 

forms. For poorly soluble drugs, a suitable surfactant, at appropriate minimum concentration 

(above its critical micellar concentration (CMC)) is usually used to achieve sink conditions 

(USP43-NF382S-online, 2020; Weng et al., 2020). Sometimes maintenance of non-sink 

conditions, by using sample amounts near saturation solubility, have been reported to 

demonstrate slow dissolution rate and more discriminatory dissolution profiles for poorly 

soluble drugs in NDDS (Liu et al., 2013).

More than one thousand articles were published in PubMed databases during last decade 

about in vitro dissolution studies on various NDDS. As liposomes are the widely approved 

and marketed NDDS the search was run using key terms- “liposome” and “in vitro 
dissolution”, and the articles detailing in vitro release studies of liposomes in the past decade 

were retrieved (Figure 1b). The dialysis membrane methods were most widely utilized, 

however, the popularity of continuous flow methods using USP 4 apparatus is on the rise.

3.1 ∣ Dialysis membrane methods

In dialysis membrane methods (e.g., dialysis bag, reverse dialysis, side-by side dialysis), 

NPs are separated from release medium through a dialysis membrane. In the regular dialysis 
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technique, NPs are placed inside the dialysis bag, previously soaked in dissolution medium, 

agitated with shaking water bath or magnetic stirrer (Figure 2a). The drug released from 

NPs diffuses through the dialysis membrane to the outer compartment where samples are 

collected at specified intervals for analysis. The molecular weight cutoff (MWCO) of the 

membrane is the most critical parameter that impacts drug release in the dialysis method 

than other key ones including agitation conditions, ratio between donor and acceptor cell 

volumes (Shen & Burgess, 2013). In contrast, the reverse dialysis method has an opposite 

setup to overcome the potential violation of sink condition (Figure 2b). (Calvo et al., 1996; 

Xu et al., 2012). In the side-by-side dialysis set-up, equal volume donor and receiver 

compartments are separated by a dialysis membrane (Figure 2c) (Chidambaram & Burgess, 

1999).

While using dialysis methods, the membrane size should be big enough to allow drug 

passage (MWCO about 100 times the drug size) (Xu et al., 2012) but avoid transfer of drug 

carrier (NDDS). Dialysis bags can also be used with USP apparatus 1 and 2 (Bhagav et al., 

2011). Dialysis membrane are the most used techniques, however, there are some limitations 

of these methods:

1. If incorrectly sealed, leakage of media/dosage form may occur from dialysis 

bags.

2. Incomplete release data may be observed in case of non-sink conditions or high 

equilibration times (D’Souza, 2014).

3. The potential binding between drug and dialysis membrane should be checked. 

These methods cannot be used if a suitable membrane with adequate pore size is 

not available.

4. Inaccurate release results might be obtained if the dialysis process is rate limited 

by the membrane itself instead of the dissolution process (Heng et al., 2008).

3.2 ∣ Sample and separate methods

The NPs are filled into gelatin capsule shell or added directly into the release 

medium held in a beaker. The dispersed NPs are separated from the continuous phase 

at predetermined time intervals using various sample separation techniques, including 

ultrafiltration, ultracentrifugation, and centrifugal ultrafiltration. The recovered supernatant/

filtrate is subsequently analyzed for drug release (Ham et al., 2009; Morales-Cruz et al., 

2012). Alternatively, the drug content inside the separated NPs might be analyzed after 

restructuring them using suitable solvent (Sanna et al., 2012). The sample and separate 

methods offer a direct approach to monitor in vitro drug release from NDDS with the 

following practical challenges:

1. It is very difficult to efficiently separate the NPs from the release media without 

influencing the drug release profile. The drug release continues during the 

separation process, which can lead to erroneous results (Shen & Burgess, 2013).

2. Long and high-speed ultracentrifugation can result in destabilization of NPs 

(Shen & Burgess, 2013).

Gupta et al. Page 7

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3. Clogging of filters and drug adsorption onto filter surface may happen when 

filtration is used as sample separation technique (Kim et al., 1997).

4. Variability in dissolution readings and inaccurate results may occur due to 

inherent wetting problems of poorly soluble drugs (Heng et al., 2008).

3.3 ∣ Continuous flow method

In vitro dissolution testing of NDDS in continuous flow can be attained with USP 4 

apparatus coupled with dialysis cells (figure 2d). The test sample (NDDS) is placed in 

specially designed ready-to-use dialysis cells, usually made of cellulose ester (e.g., Float-A­

Lyzer® G2). Different type of flow cells (available in different dimensions and molecular 

weight cut offs) can be used for different dosage forms. Test parameters such as volume, 

flow rate and temperature of dissolution media can be adjusted as per the assay requirement. 

USP 4 is versatile and can be used for dissolution testing of both conventional dosage forms 

(powders, granules, tablets, capsules, enteric-coated tablets, suppositories, and injectable 

suspensions) and novel drug delivery systems, covering modified-release products, implant 

stents, drug coated medical devices, liposomes, microsphere, and NPs etc. (Singh & Aboul­

Enein, 2006; Yoshida et al., 2015). It might serve as a promising alternative to conventional 

dissolution test methods due to following advantages:

1. The composition, pH and/or flow rate of the dissolution medium can be 

changed over the course of test to simulate the intralumenal hydrodynamics more 

efficiently (Gite et al., 2016).

2. As dosage form is isolated from the medium reservoir, sampling and media 

changes can occur without disturbing the hydrodynamics inside USP 4 giving it 

a leverage on other conventional in vitro release methods (D'Arcy et al., 2010; 

Eaton et al., 2012; Singh & Aboul-Enein, 2006; Yoshida et al., 2015).

3. When operated in the open configuration (Figure 2e), fresh solvent from 

the reservoir continuously replenishes through the cell to offer infinite sink 

conditions for poorly soluble compounds, making the IVIVC development easier.

4. Closed loop configuration (Figure 2f) allows the use of small media volumes to 

overcome the limit of quantification issues.

5. No further filtration steps are needed, as any undissolved particles are kept 

within the cell (Heng et al., 2008).

Knowledge of operating hydrodynamics (physics of fluid flow- governed by principles 

of conservation of mass, momentum, and energy) can improve the robustness and 

discriminatory ability of a dissolution test (Shiko et al., 2011). It can guide the choice 

of appropriate test conditions, design of dissolution test apparatuses and even help interpret 

the test results. A strong degree of flow uniformity and symmetry was obtained for USP 4 

when the conical part of the dissolution cell was filled with 1-mm glass beads along with the 

red ruby bead (Kakhi, 2009). The studies summarized in Table 2 endorse the discriminatory 

potential of USP 4 in testing NDDS.
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4 ∣ IN VITRO DISSOLUTION CONSIDERATIONS FOR NDDS

There are several factors related to NDDS that affect the in vivo performance of products. 

These factors include physicochemical characteristics of the drug substance, formulation 

parameters, environmental conditions, and biocompatibility. For the development of 

meaningful IVIVC it is important to obtain in vivo data beforehand; and a predictive in 
vitro dissolution test method can be designed by manipulating these factors to match in vivo 
profiles (Zolnik & Burgess, 2008).

4.1 ∣ Properties of drug

Biopharmaceutics Classification System (BCS) provides a framework to define the critical 

quality attributes (CQA), decisive for oral bioavailability (FDA, 2018b). It can reflect the in 
vivo performances, essentially based on drug solubility and intestinal permeability. A drug’s 

occupancy within the specific BCS class may suggest optimal drug delivery technologies 

suitable for that drug (Figure 3a). A meaningful IVIVC is expected for BCS Class II drugs 

as dissolution is the rate-limiting step in absorption. For drugs in BCS class III, IVIVC is 

unlikely or could be possible depending on relative rates of dissolution and intestinal transit. 

For BCS class IV drugs, IVIVC is highly unlikely.

The revised BCS classification system – known as developability classification system 

(DCS) – provides the significance of particle size in the determination of dissolution-rate 

limited absorption (Butler & Dressman, 2010). As drug particle size (instead of dose/

solubility ratio) is a better predictor of dissolution rate-limited absorption of DCS class 

IIa drugs (Figure 3b), control of particle size determines bioavailability. It is possible to 

achieve complete oral absorption of such crystalline drugs using a standard solid oral dosage 

form (due to compensatory effect of high permeability). On the other hand, DCS Class IIb 

compounds have solubility-limited absorption and they present major formulation challenges 

(as bioavailability depends on gastric pH and intestinal precipitation can occur). These drugs 

are incompletely absorbed unless formulated in a suitable solubilized dosage form.

Solubility/stability of drug should be tested in the target media (under relevant 

hydrodynamic conditions) before dissolution testing of actual dosage form to identify such 

issues at the earliest. However, depending on the experimental set-up, test conditions used 

for measuring drug solubility may not always translate during in vitro dissolution testing 

(e.g., agglomeration of proteins in the fine capillaries of USP 4). Alternate release methods 

(like dispersion releaser) should be tried under such circumstances (Janas et al., 2017).

4.2 ∣ Formulation parameters

Drug release from NDDS can be customized by manipulating the formulation parameters 

(e.g., lipid matrix, polymer/stabilizer concentration, solvent, drug amount) as well as the 

production conditions (e.g., temperature, homogenization) (Sedighi et al., 2019; Sharma 

et al., 2014).Shape of NPs can influence the physiological response in human cells. Needle­

shaped Poly (lactic-co-glycolic acid) polyethylene glycol nanoparticles (PLGA-PEG NPs) 

were found to induce significant cytotoxicity compared to spherical-shaped NPs (Zhang 

et al., 2017). Size can influence the in vitro cytotoxicity of NPs as smaller particles tend 
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to adsorb more biomolecules (protein-corona) (Xiong et al., 2013). Toxicity and irritancy 

can affect in vivo drug release due to edema and presence of inflammatory cells like 

macrophages and neutrophils (Zolnik & Burgess, 2008).

4.3 ∣ Environmental conditions

The spatiotemporal (depending on site and time) interplay of biological and/or 

environmental factors forms a spontaneous layer of surface-adsorbed biomolecules 

surrounding the NPs-termed as ‘protein-corona’. NPs consolidated with its protein-corona, 

behave as a biological entity and interact with cells and various physical, chemical and 

immunological barriers inside the body (Jain et al., 2017). Depending on the particle 

properties (e.g., size, shape, surface charge, topology, hydrophobicity, encapsulation 

efficiency), protein-corona can be tailored to conceive a perfect targeted drug delivery 

system (Lu et al., 2019; Yeo et al., 2019; Zhang et al., 2019). This protein corona 

can affect the biodistribution as well as the release behavior of NDDS (Behzadi et al., 

2014). Therefore, it becomes very important to clearly understand the impact of bio-nano 

interactions on the biological consequences at both the cellular and the physiological levels.

To establish meaningful and biorelevant in vitro drug release method for NDDS, it 

may be desirable to determine the effect of biorelevant concentrations of various plasma 

components (like bile salts, phospholipids, cholesterol, albumin). Specific corona proteins 

should be identified and evaluated for protein-drug interactions using appropriate model 

(Wallenwein et al., 2019)). A synthetic (e.g., SLS, Tween 80, CTAB) or biorelevant (bile 

salts, phospholipids) surfactant, enzyme (e.g., pepsin) or cosolvent (e.g., polyethylene glycol 

400) can be added for poorly water-soluble drugs to get clinically relevant solubility. If 

a protein and a surfactant, both are being incorporated in the medium, the effect of their 

interaction and combined impact on the solubility should be investigated. Clinically relevant 

media may be developed as per therapeutic indication (e.g., low albumin concentrations 

to reflect hypoalbuminemia). Various temperature, pH, ionic strength, stirring rate and 

flow rate (USP 4) conditions should be tested to obtain most robust and discriminatory 

dissolution test. Unique experimental set-up may be required to mimic the physiological 

environment depending on the specific use (e.g., two-stage drug release to mimic the drug 

release in circulation and drug release at target site (Xu et al., 2012); donor-acceptors 

vesicles to mimic drug release to phospholipid cell membrane(Shabbits et al., 2002)).

Another major challenge to in vivo delivery of NPs is their rapid clearance from circulation 

by reticuloendothelial system (RES), also known as mononuclear phagocyte system (MPS) 

— comprising the Kupffer cells of liver and the macrophages of spleen and bone marrow. 

Coating of NP surface with polyethylene glycol (PEG) is a commonly used approach 

to circumvent the immune recognition and to increase the systemic circulation time. A 

thorough review on “PEGylation” can be found in various previous articles (Fam et al., 

2020; Suk et al., 2016).

4.4 ∣ Biocompatibility

Some excipients are cytotoxic, when used at higher concentrations. In vivo markers such 

as Lactate Dehydrogenase (LDH), a cytosolic enzyme, can be used to test cell membrane 
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integrity and necrosis. Paclitaxel/Methotrexate co-loaded PLGA NPs, coated with PVA/

P188, released more LDH compared to individual drug-loaded NPs or free drugs. (Madani 

et al., 2020). Immunohistochemical techniques such as TdT dUTP Nick End Labeling 

(TUNEL) assay can visualize apoptotic cells in vitro. Paclitaxel-loaded PLGA NPs were 

more apoptotic than the drug alone (Mo & Lim, 2005)

Many NDDS preparation techniques involve use or organic solvents. Residual solvents can 

be toxic and affect drug particle size, dissolution and wettability. The need to measure 

residual solvents was highlighted at various preparation and purification stages of liposomes 

and polymeric NPs for development of efficacious and safe NDDS (Dikpati et al., 2020).

International Council for Harmonization of Technical Requirements for Pharmaceuticals for 

Human Use (ICH) developed Q3C document to recommend acceptable limits for residual 

solvents in pharmaceuticals for patient safety. This guideline applies to all dosage forms 

and routes of administration. It groups the existing solvents into three classes, based on 

their individual health and environmental hazards (ICH, 2019). ICH has also developed 

maintenance procedures to include new solvents and to revise the permitted daily exposure 

(PDE) of solvents already listed in ICH Q3C as new toxicity data for solvents becomes 

available (FDA, 2017b).

FDA endorses a companion document for the ICH Q3C guidance to recommend the safe 

levels of residual solvents in pharmaceuticals (FDA, 2018c). Liposome drug products 
chemistry, manufacturing, and controls; human pharmacokinetics and bioavailability; and 
labeling documentation guidance requires to provide drug product specification including 

residual solvent(s) used in the manufacture of liposomes (FDA, 2018a). Safety of 
nanomaterials in cosmetic products guidance (FDA, 2014b) also necessitates the thorough 

understanding of manufacturing process to identify residual additives and impurities.

Dikpati A. et. al. have provided useful recommendations to minimize the residual solvents 

in the NDDS (Dikpati et al., 2020). First, the use of Class 3 solvents (e.g., acetone, 

ethyl acetate, dimethyl sulfoxide) or solvent-free/solvent-limiting preparation methods (e.g., 

supercritical fluid technology, microfluidics and extrusion for polymer based NDDS or high­

pressure homogenization for lipid based NDDS) (Anton et al., 2012; Paliwal et al., 2014). 

Second, the use of dedicated or disposable measuring devices to avoid cross-contamination. 

Third, the rotary evaporation combined with other drying methods (e.g., lyophilization). 

Fourth, the multiple purification procedures (e.g., size exclusion chromatography, dialysis, 

ultrafiltration, centrifugation, electrophoresis)(Paliwal et al., 2014; Robertson et al., 2016).

4.5 ∣ Accelerated in vitro release testing

NDDS may be designed to sustain the drug release for several days to months. Accelerated 

in vitro release tests, predictive of “real-time” release, can speed up the analysis in these 

cases (Shen et al., 2016). However, the stress conditions (elevated temperature and extreme 

pH values), used to accelerate the drug release can also alter the release mechanism 

(Shameem et al., 1999; Zackrisson et al., 1995; Zolnik et al., 2006). It may make the process 

of IVIVC establishment even more exhausting (Shen & Burgess, 2012).
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5 ∣ IVIVC FOR NDDS

A meaningful IVIVC can predict the in vivo performances of NDDS from their in 
vitro behaviors (Shen & Burgess, 2015). Compared to conventional dosage forms, the 

establishment of an IVIVC for NDDS products has been even more challenging due to 

dimension-dependent disposition of NPs and their undefined interactions with bio-interfaces 

(e.g., formation of protein-corona) (Jain et al., 2017; Riviere, 2013; Yuan et al., 2019) as 

well as the lack of compendial standard or guidance for in vitro release testing methods. 

It becomes important to understand the impact of physicochemical properties (particle 

size, size-distribution, drug loading, zeta potential etc.) and establish qualitative sameness 

(Q1), quantitative sameness (Q2) and in vitro drug release equivalence (Q3) along with 

conventional pharmacokinetic studies of these NDDS (Au, 2017; FDA, 2018a; Luke, 2017; 

Shah et al., 2014; Zheng et al., 2017).

Development of a successful IVIVC model requires dissolution to be the rate-limiting step 

in the process of drug absorption. Convolution and deconvolution are two fundamental 

approaches to establish an IVIVC model (Davanço et al., 2020; Gillespie, 1997; Jacob & 

Nair, 2018; Margolskee et al., 2016). A robust, reproducible, and reliable in vitro dissolution 

test method, sensitive to formulation or process variability can play a vital role in the 

development of meaningful IVIVC for NDDS.

5.1 ∣ Intravenous route of administration

Emerging nanoparticles tracking analysis (NTA) technologies reliably allow qualitative and 

quantitative identification of nanomaterials in the in vitro and in vivo samples (Kim et al., 

2019; Parsons et al., 2017). In addition, design of biorelevant assays has most favorably 

accounted for the establishment of IVIVC for parenteral NDDS. The test conditions are 

optimized based on the physicochemical characteristics of the drug and the environmental 

conditions that the NDDS might be exposed to after intravenous administration. An account 

of such experiments is made to gain the experimental know-how; and to guide the design 

of future in vitro dissolution strategies in predicting the in vivo performances for NDDS 

(Table 3). From these studies it is evident that multiple factors play vital role in the 

bioavailability and the accumulation of drugs at the target site. Choice of in vitro release 

method may depend on whether the rate limiting step is diffusion, erosion, or swelling 

type. The biorelevant release assay should be developed with suitable understanding of what 

factors dictate NDDS stability, intracellular uptake and drug release profiles.

A silico modeling can be a suitable starting point to establish IVIVC by describing 

the pharmacokinetics of NDDS with preclinical animal data. The developed model can 

be further verified using clinical human data after applying allometric scaling. Obtained 

drug release profiles might need normalization (e.g., four-step model) to exclude the 

effect of membrane permeation and drug-protein transfer. Deconvolution of simulated 

pharmacokinetic profiles may enable to predict the human pharmacokinetics for novel 

NDDDS formulations(Jablonka et al., 2020).
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5.2 ∣ Oral route of administration

Oral absorption is a complex process of several interdependent biological events. 

Physiologically-based pharmacokinetic (PBPK) modeling integrates these simultaneous 

events and simulates ADME (absorption, distribution, metabolism and elimination) to 

describe drug exposures in individual physiological compartments (Li et al., 2017; Utembe 

et al., 2020). Various biorelevant conditions have been shaped to build the IVIVC for 

orally administered NDDS (Table 4). Biorelevant dissolution coupled with PBPK modeling 

can support the oral NDDS development and minimize the animal/human testing (Kaur 

et al., 2018; Litou et al., 2019). However, PBPK modeling of NDDS is very challenging 

due to complex in vivo transport mechanisms such as mononuclear phagocyte system 

(MPS) uptake, enhanced permeability and retention (EPR) effect, lymphatic transport, and 

enzyme degradation (Li et al., 2017). Also, mechanistic modelling of NDDS flanked by 

organ-specific protein-coronas is still in its infancy (Utembe et al., 2020).

Further, the intrinsic solubility of a drug correlates well to its dissolution rate. But the 

release rate (and fraction of drug released) is inversely related to physical stability of NPs 

and lipophilicity of model drug. The stable nanoparticles (with no significant change in 

particle size and PDI) tend to protect the drug cargo and exhibit slow-release rates (Weng et 

al., 2020). Thus, drug release from NPs is not always straightforward making it difficult to 

develop characterization methods for oral NDDS. Researchers use different in vitro release 

methods to test oral NDDS (Paddle, Sample and separate and dialysis methods etc.) that 

gives variable results different from in vivo outcomes. Weng J et. al. proposed a novel 

sample and separate method combined with USP apparatus II (paddle) and well-validated 

centrifugal ultrafiltration technique to efficiently separate free drug from NPs to achieve 

better correlation between the in vitro data and the in vivo response for polymeric NPs 

(Weng et al., 2020). Dissolution is also a key elimination process strongly affected by pH of 

microenvironment (neutral extracellular fluids or low-pH intracellular fluids) (Studer et al., 

2010). It requires extensive data on NDDS dissolution in these different GIT environments, 

focusing on dissolution rates, rate constants, orders of reaction, dissolution half-times and 

life-times (Utembe et al., 2015).

In vitro drug release from oral dosage forms is generally tested in 0.1N hydrochloric 

acid (pH 1.2) followed by pH 6.8 phosphate buffer to mimic gastric and intestinal milieu 

(Dudhipala et al., 2018). The choice of release media may depend on the drug solubility and 

absorption site. Bharathi et al. studied drug release of valsartan loaded eudragit nanoparticles 

only at pH 6.8 as it is a weakly acidic drug and is primarily absorbed at pH greater than 

5 (Bharathi et al., 2012). In contrast, the dissolution of furosemide, another weakly acidic 

drug, was tested at pH 1.2. Indeed, furosemide has low solubility in gastric environment, but 

it exhibits site specific absorption in the stomach and upper intestine. Hence improving the 

solubility in gastric fluid becomes crucial for improving the overall bioavailability (Shariare 

et al., 2019). Weng et. al. successfully evaluated in vitro drug release of three poorly 

water-soluble drugs from polymeric NPs. 0.1N hydrochloric acid was used for weakly basic 

drug (itraconazole), 0.1% (w/v ) SDS solution for non-ionic compound (cholecalciferol or 

VitD3) and phosphate buffered saline (PBS, pH = 7.4) for weak acidic drug (flurbiprofen) 

(Weng et al., 2020).

Gupta et al. Page 13

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Conventional kinetic models may not be appropriate to define the complex release profiles 

of oral NDDS. New more suitable empirical kinetics models should be developed for oral 

NDDS based on the release data NPs (smaller than 200nm) are proposed to provide a 

“shuttle” for drug across the unstirred water layer (UWL) near the surface of intestinal 

epithelium. This transport mechanism results into higher unbound drug concentration 

for absorption. In silico nanomodified permeability model (accounting for NP solubility 

and size) was developed to accurately predict the in vivo absorption of poorly soluble, 

UWL-limited drugs from NDDS (Stewart & Grass, 2020). Other emerging computational 

models can be applied in near future to predict the in vivo biofate of oral NDDS more 

reliably. For example, Quantitative Nanostructure Activity Relationship (Nano-QSAR or 

QNAR) models can be employed to predict biological activity and toxicity of NDDS 

(Fourches et al., 2010; Kar et al., 2014; Muratov et al., 2020; Puzyn et al., 2011; Wang, 

2018; Weissleder et al., 2005; Yuan et al., 2021). Quantitative structure-pharmacokinetic 

relationships (QSPKR) models can correlate the drug chemical structure and properties to 

predict various pharmacokinetic parameters such as clearance (Cl) (Dave & Morris, 2015; 

Zhivkova & Doytchinova, 2013), half-life(t1/2) (Durairaj et al., 2009), apparent volume of 

distribution (Vd (Ghafourian et al., 2004). Quantitative systems pharmacology (QSP) model 

illustrated that minor differences in NP attributes could result into different exposures at 

target site indicating that systemic bioequivalence might not accurately reflect the target site 

bioequivalence (Au, Lu, et al., 2019). Abbiati et. al. discussed the potential application of 

QSP models to determine NP delivery and in vivo residence (Au, Abbiati, et al., 2019).

6 ∣ CONCLUSION

There exists a lack of robust and biorelevant in vitro drug release method for NDDS. 

It leads to arbitrary selection of release methods by different researchers, among which 

dialysis membrane methods are most widely used. USP 4 emerges as a viable dissolution 

test due to various advantages including its discriminatory capabilities. However, more 

research is obligatory to corroborate its regulatory standing; and to confirm its suitability 

to test variety of drug candidates (different BCS class), formulated in different NDDS 

(e.g., liposomes, nanocrystals, polymeric NPs, and lipid-based systems). At present, FDA 

encourages discussions regarding scientific rationale, feasibility, and method validation 

to develop a reproducible and reliable dissolution method that should be sensitive to 

formulation or processes variability in generic versions of NDDS.

Further, NPs consolidated with its protein-corona, behave as a new biological entity and 

affect the biodistribution as well as the release behavior of NDDS. Identification of the 

specific corona proteins, evaluation the protein-drug interactions and their overall impact on 

drug solubility can be instrumental in the development of a meaningful IVIVC.

Use of biorelevant and clinically relevant test media presents a valuable approach for the 

development of predictive in vitro release tests for NDDS. Unique two-stage experimental 

set-ups to mimic the drug release at target site along with drug release in circulation 

may be required to simulate the physiological environment. We are hopeful that proposed 

considerations can guide the design of future in vitro dissolution strategies, predictive of 
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in vivo pharmacokinetic profiles, with a net result of favorable economic implications 

accompanying generic versions of NDDS.
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FIGURE 1. 
(a) Methods for dissolution rate assessment of NPs. In vivo dissolution studies are not 

always feasible. Acellular in vitro tests could reflect the dissolution behavior in blood (en 
route to target tissues) while cellular in vitro tests could reflect dissolution inside target 

cells. (b) Dissolution methods to test liposomes (based on 56 publications accessed for 

2010-2020). During last decade more than one thousand articles were published illustrating 

different in vitro dissolution studies for various NDDS. As liposomes are most widely 

approved NDDS an account was made for them specifically.
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FIGURE 2. 
(a) Dialysis method. NPs are filled inside the dialysis bag placed into the outer medium 

reservoir. Samples are collected at specified intervals from outer compartment. (b) Reverse 

dialysis method. Opposite setup-NPs are placed in the outer compartment and the inner 

medium reservoir is sampled for drug release. (c) Side by side dialysis method. Equal 

volume donor and receiver compartments are separated by a dialysis membrane. Samples 

are taken from the receiver cell. (d) USP 4 (Flow Through Cell). Four different platforms 

comprising of dissolution platform, pump assembly, dissolution media (reservoir) and 

fraction collector. (e) Open Loop System. Fresh solvent from the reservoir (media selector) 

continuously replenishes through the flow cells to maintain infinite sink conditions. (f) 

Close Loop System. Small media volume is recirculated again and again from flow cell to 

reservoir. Sampling is done from the recirculating dissolution medium.
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FIGURE 3. 
Nano drug delivery systems (NDDS) for various BCS class. Class I drugs are 

straightforward to develop. NDDS offer promising drug delivery solutions for potential drug 

candidates belonging to BCS class II, III and IV by overcoming poor solubility/permeability 

issues. (b) DCS classification system. SLAD marks the boundary between DCS class IIa 

and IIb drugs. Below SLAD all the doses could be dissolved, and above SLAD only 

a fraction of dose is dissolved (fraction dissolved decreases with increasing dose). DCS 

Class IIa drugs show ‘dissolution-rate limited’ absorption. Simple particle size reduction 

can suitably formulate such drugs. Therefore, particle size (in contrast to dose/solubility 

ratio of BCS classification) can better predict the extent of absorption. DCS Class IIb 

drugs have ‘solubility-limited’ absorption, and they present major formulation challenges 

(bioavailability depends on gastric pH and intestinal precipitation can occur). These drugs 

remain incompletely absorbed unless suitably solubilized (e.g., lipid-based formulation or 

amorphous solid dispersion)
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