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Abstract 

In-vitro dissolution study is crucial for quality assurance and stability, serving as a surrogate test for 

evaluating in-vivo performance of a drug. The dissolution procedure should be designed using an 

appropriate validated approach, depending on the type of dosage form. Dissolution testing is crucial 

to regulatory decision-making in a number of aspects. Conventional formulations have validated 

regulatory-compliant dissolution methods, conversely novel drug formulations like nanoparticles 

and microparticles lack standard validated procedures for the same. The present article provides 

information about the various compendial and non-compendial methods available for in-vitro 

dissolution testing of nano-formulations including the selection of dissolution media, different 

factors affecting the release, advancements in the dissolution procedures and also included the 

recently developed marketed nano-formulations. 

Keywords: marketed nano-formulation; dissolution; flow-through cell; modified cylinder; dispersion 

releaser; dialysis adapter 

 

1. Introduction 

Nanotechnological approach developed by Richard P. Feynman in 1950s, helped to improve the 

drug significance in both research and medical care aspects [1]. In addition to the already approved 

nano-formulations, many more are either waiting for pre-approval and clinical trials, or are ready to 

hit the global market. Researchers across the globe are developing nano-formulations including 

liposomes, niosomes, dendrimers, polymeric nanoparticles, nanocrystals, nanoemulsions, 

nanosuspensions, etc. for targeted drug delivery. These targeted nano-systems will contribute to 

better patient compliance by enhancing drug efficacy along with reduced dosage and dosing 

frequency, as well as systemic side effects [2–4]. 

Nano-formulations have been found to enhance in-vivo drug performance compared to 

conventional formulations that usually exhibits poor bioavailability. Therefore, the current research 

is focused toward nanosizing of drugs into different formats including nanoparticles, nanocrystals, 

or nano-suspensions by simple means to speed up their dissolution rate, and improve bioavailability 

without the need for complex methods. According to the Noyes Whitney equation, the rate of 

dissolution is inversely related to the particle size. Usually, 10-100 nm nanoparticles exhibit improved 

delivery, however macrophages opsonise particles larger than this range more frequently. Moreover, 
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small size of nanocarriers allows targeted delivery to improve drug accumulation and efficacy 

through enhanced solubility and dissolution, achieving desired release profile (controlled or 

prolonged), reduced stomach breakdown, along with improved arterial absorption and circulation 

time [5–13,15,16]. 

Furthermore, solid nanoparticles offer significant benefits in drug development due to their 

biophysical stability and ability to modify drug release (controlled and continual), offering significant 

opportunities for product life cycle management [17]. Several studies have demonstrated that nano-

formulations can enhance the rate of drug dissolution (Table 1) [18]. 

Dissolution is a fundamental property of solids governed by their affinity towards dissolution 

media. Further, the time taken by the dosage form to release its content and subsequently dissolve 

will regulate the time at which significant drug levels may appear to readily cross intestinal mucosa. 

Therefore, the ability of a drug to dissolve has a substantial impact on its absorption, bioavailability, 

and efficacy [19]. 

Dissolution testing is widely used for stability and quality control purposes for both oral and 

non-oral dosage forms. In-vitro dissolution study act as a surrogate test for evaluating in-vivo 

performance of the drug. Furthermore, the dissolution procedure should be designed using a suitable 

validated approach based on the type of dosage. In many respects, dissolution testing is crucial to 

regulatory decision-making [20]. Dissolution testing is frequently used to evaluate the efficacy and 

quality of drug products in development and production, including routine quality monitoring for 

batch release and stability studies. Dissolution testing may be used for several purposes, such as 

biowaiver requests and predicting in-vivo drug performance. The data from dissolution testing can 

be used to guide the development of new formulations and product development procedures to 

optimize products and maintain product quality and manufacturing process efficiency [21,22]. 

Recent developments in pharmaceutical formulation suggest the need for standard protocols or 

specifications for in-vitro drug release studies from nano-formulations. In-vitro dissolution testing is 

crucial for understanding drug release pattern in biological systems. Moreover, at the time of 

registration, regulatory agencies require in-vitro dissolution test protocol to be conducted in 

accordance with standard experimental procedures to verify the drug release property from nano-

formulation. Currently, no standard specification exists for dissolution testing of nano-formulations, 

potentially leading to unpredictable or inconsistent therapeutic outcome during clinical trials [23–

25]. The primary focus of the present article is on various types of in-vitro profiling studies available 

for nano-formulations, as well as different compendial methods that can be used to conduct the same. 

1.1. Recent Advances in Marketed Nano Formulations to Improve the Therapeutic Efficacy of Drugs 

The pharmaceutical industry has made significant progress in nano-formulation development 

to address the limitations of traditional drug delivery. Many nano-formulations have advanced from 

research to market approval over the last five years, demonstrating improved therapeutic efficacy. 

Lipid nanoparticles have sparked a lot of interest, particularly since the approval of Onpattro® for 

hereditary transthyretin-mediated amyloidosis and Leqvio® for hypercholesterolemia [26–28]. 

Similarly, the use of nanocrystals in formulations such as Anjeso® has increased the solubility of BCS 

Class II drugs by employing specialized dissolution techniques with apparatus 2 containing a 

phosphate buffer and surfactants [38]. Long-acting injectable nanosuspensions, such as Invega 

Hafyera®, use flow-through cell dissolution methods and optimized media to improve in vivo 

prediction [45,46]. Similarly, for complex nano-delivery systems like Abraxane®, continuous flow 

dialysis in human plasma is critical for accurate dissolution characterization [48]. A comprehensive 

review of lipid nanoparticles (LNPs), with a focus on their roles in genetic disorder treatment 

(Onpattro®), cholesterol management (Leqvio®), and vaccine delivery (Spikevax®), as well as 

specific dissolution testing methods for each application [35]. A thorough examination of liposomal 

nanoformulations, contrasting the dissolution methods of Onivyde® (reverse dialysis) and Doxil® 

(continuous flow dialysis), and emphasizing their relevance to physiological conditions [27,39]. The 

discussion focuses on various nanotechnology-based drug delivery systems, comparing dissolution 
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methods for nanocrystals such as Anjeso® and Invega Hafyera®, and emphasizing apparatus and 

media tailored to drug characteristics. It provides an in-depth analysis of polymeric nanoparticles, 

focusing on dissolution testing for Emend® and Aristada® based on their release mechanisms [29,37]. 

Nanoemulsions, such as Neoral®, Diprivan®, and Rybelsus®, are investigated with a focus on 

biorelevant media and pH changes. Complex nano-delivery systems, such as albumin-bound 

nanoparticles, iron-carbohydrate nanocomplexes, and solid lipid nanoparticles, are also discussed, 

along with dissolution testing strategies. These advancements highlight the importance of integrating 

nano-formulation design with appropriate dissolution testing methods that take into account the 

unique physicochemical properties and release mechanisms of nanoscale drug delivery systems. 

Table 1. Recently developed marketed Nano formulation to improve the therapeutic efficacy of drug and its 

dissolution study. 

Sr

. 

N

o. 

Nano 

formula

tion 

Drug 

Develop

ed 

company 

Brand 

name 

Therapeut

ic use 

BCS 

class 

of 

drug 

Type of 

dissoluti

on study 

impleme

nted for 

formulati

on 

develop

ment 

Dissolutio

n media 

used 

R

ef

er

en

ce 

1 

Lipid 

nanopar

ticle 

Patisi

ran 

(siR

NA) 

Alnylam 

Pharmac

euticals 

Onpat

tro® 

Hereditary 

transthyret

in-

mediated 

amyloidos

is 

Not 

applic

able 

(nuclei

c acid) 

Membran

e dialysis 

method 

Simulated 

biological 

fluids (pH 

7.4 PBS) 

[2

6]  

2 

Liposom

al 

nanofor

mulatio

n 

Irinot

ecan 

Ipsen 

Biophar

maceutic

als 

Onivy

de® 

Metastatic 

pancreatic 

cancer 

Class 

IV 

Reverse 

dialysis 

bag 

technique 

Bio 

relevant 

media 

(FaSSGF, 

FaSSIF) 

[2

7,

28

] 

3 

Polymer

ic 

nanopar

ticle 

Apre

pitan

t 

Merck 
Emen

d® 

Chemothe

rapy-

induced 

nausea 

Class 

IV 

USP 

Apparatu

s 4 (flow-

pH 

gradient 

method 

[2

9] 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 January 2026 doi:10.20944/preprints202601.0818.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.0818.v1
http://creativecommons.org/licenses/by/4.0/


 4 of 28 

 

and 

vomiting 

through 

cell) 

(pH 1.2, 

4.5, 6.8) 

4 
Nanosus

pension 

Palip

erido

ne 

palm

itate 

Janssen 

Pharmac

euticals 

Invega 

Susten

na® 

Schizophr

enia 

Class 

II 

Sample 

and 

separate 

method 

Phosphate 

buffer (pH 

7.4) with 

0.2% SLS 

[3

0] 

5 

Nanoem

ulsion / 

PLGA 

nanopar

ticles 

 

Cycl

ospo

rine 

A 

Novartis 
Neoral

® 

Immunosu

ppression 

Class 

II 

USP 

Apparatu

s 2 with 

membran

e 

Biorelevan

t media 

with 

lipolysis 

componen

ts 

[3

1,

32

] 

6 

Solid 

lipid 

nanopar

ticle 

Amp

hoter

icin B 

Sun 

Pharma 

Advance

d 

Research 

AmBis

ome® 

Systemic 

fungal 

infections 

Class 

IV 

Dialysis 

bag 

diffusion 

technique 

Phosphate 

buffer (pH 

7.4) with 

2% 

sodium 

deoxychol

ate 

[3

3] 

7 

Polymer

ic 

micelle 

Paclit

axel 

Sorrento 

Therapeu

tics 

Cynvil

oq™ 

Various 

cancers 

Class 

IV 

USP 

Apparatu

s 4 with 

dialysis 

adapter 

Simulated 

plasma 

with 4% 

albumin 

[3

4] 

8 

Lipid 

nanopar

ticle 

mRN

A-

1273 

(CO

VID-

19 

Moderna 
Spikev

ax® 

COVID-19 

prevention 

Not 

applic

able 

(nuclei

c acid) 

Dialysis 

membran

e 

technique 

PBS (pH 

7.4) 

[3

5] 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 January 2026 doi:10.20944/preprints202601.0818.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://www.sciencedirect.com/science/article/pii/S0168365907000788
https://www.sciencedirect.com/science/article/pii/S0168365907000788
https://www.sciencedirect.com/science/article/pii/S0168365907000788
https://doi.org/10.20944/preprints202601.0818.v1
http://creativecommons.org/licenses/by/4.0/


 5 of 28 

 

vacci

ne) 

9 
Nanocry

stal 

Cabo

tegra

vir 

ViiV 

Healthca

re 

Caben

uva® 

HIV 

treatment 

Class 

II 

USP 

Apparatu

s 2 with 

enhancer 

cell 

Acetate 

buffer (pH 

4.5) with 

0.1% 

polysorbat

e 20 

[3

6] 

10 

Surface-

modifie

d PLGA 

nanopar

ticle 

Rispe

ridon

e 

Alkermes 
Arista

da® 

Schizophr

enia 

Class 

II 

Flow-

through 

cell with 

dialysis 

membran

e 

Phosphate 

buffer (pH 

7.4) with 

0.5% SDS 

[3

7] 

11 
Nanocry

stal 

Melo

xica

m 

Recro 

Pharma 

Anjeso

® 

Moderate 

to severe 

pain 

Class 

II 

USP 

Apparatu

s 2 

Phosphate 

buffer (pH 

6.8) with 

surfactant

s 

[3

8] 

12 

Liposom

al 

nanofor

mulatio

n 

Doxo

rubic

in 

Sun 

Pharmac

eutical 

Doxil

®/Cael

yx® 

Various 

cancers 

Class 

III 

Continuo

us flow 

dialysis 

Plasma 

simulating 

media 

with 4% 

albumin 

[3

9] 

13 

Iron-

carbohy

drate 

nanoco

mplex 

Ferri

c 

carbo

xyma

ltose 

Vifor 

Pharma 

Injecta

fer®/F

erinjec

t® 

Iron 

deficiency 

anemia 

Class 

III 

Membran

e 

diffusion 

method 

Phosphate 

buffer (pH 

7.4) 

[4

0]  

14 
Nanoem

ulsion 

Prop

ofol 

Fresenius 

Kabi 

Dipriv

an® 
Anesthesia 

Class 

II 

Reverse 

dialysis 

Simulated 

plasma 

media 

[4

1] 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 January 2026 doi:10.20944/preprints202601.0818.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.0818.v1
http://creativecommons.org/licenses/by/4.0/


 6 of 28 

 

with 

lipoprotei

ns 

15 

Solid 

lipid 

nanopar

ticle 

Dexa

meth

ason

e 

Pacira 

Bioscienc

es 

Dexyc

u® 

Postoperat

ive 

inflammati

on 

Class 

II 

Sample 

and 

separate 

method 

Simulated 

vitreous 

humor 

[4

2] 

16 

Lipid 

nanopar

ticle 

Inclis

iran 
Novartis 

Leqvio

® 

Hyperchol

esterolemi

a 

Not 

applic

able 

(nuclei

c acid) 

Dialysis 

sac 

technique 

PBS with 

5% human 

serum 

[4

3] 

17 

Polymer

ic 

nanopar

ticle 

Doce

taxel 

Eagle 

Pharmac

euticals 

Teseta

xel® 

Metastatic 

breast 

cancer 

Class 

IV 

USP 

Apparatu

s 4 with 

dialysis 

adapter 

Simulated 

plasma 

with 

albumin 

[4

4] 

18 
Nanocry

stal 

Palip

erido

ne 

Janssen 

Pharmac

euticals 

Invega 

Hafyer

a® 

Schizophr

enia 

Class 

II 

Flow-

through 

cell 

Phosphate 

buffer (pH 

7.4) with 

0.5% SLS 

[4

5,

46

] 

19 
Nanoem

ulsion 

Sema

gluti

de 

Novo 

Nordisk 

Rybels

us® 

Type 2 

diabetes 

Class 

III 

USP 

Apparatu

s 3 

(reciproca

ting 

cylinder) 

Biorelevan

t media 

with pH 

transition 

[4

7]  

20 

Albumi

n-bound 

nanopar

ticle 

Nab-

paclit

axel 

Celgene 
Abrax

ane® 

Various 

cancers 

Class 

IV 

Continuo

us flow 

dialysis 

Human 

plasma 

[4

8] 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 January 2026 doi:10.20944/preprints202601.0818.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.0818.v1
http://creativecommons.org/licenses/by/4.0/


 7 of 28 

 

1.2. Important Considerations for Dissolution Testing of Nanoparticles 

1.2.1. Particle Size and Surface Area 

Nanoparticles are being increasingly used in drug delivery to overcome challenges of low 

solubility and poor permeability associated with conventional formulations. According to Nernst–

Brunner equation, the rate of dissolution of particle is directly linked to its surface area and 

concentration at solid-liquid interface. Therefore, disintegrating tablets and powders, which have 

high surface area are frequently used in immediate-release dosage forms. The surface area can be 

increased further with nanoparticles, allowing faster dissolution. Abraxane (nab-paclitaxel) is an 

albumin-bound nanoparticle formulation of paclitaxel (130 nm) that improves tumor penetration. It 

allows for higher dosing and has a 50% better response rate in metastatic breast cancer than Taxol 

[48].  

Small size of nanoparticles allows them to easily cross cellular membranes to reach the target 

site of action. However, in-vitro dissolution testing of nanoparticles is challenging due to their small 

size, which tend to aggregate due to high surface area, high surface free energy for Vander-Walls 

interaction, and cohesiveness. This could demonstrate the dissolution profile similar to larger 

aggregated particles. Moreover, size reduction may lead to further decrease in wettability of 

hydrophobic drugs, which is a major problem associated with nano-formulations, highlighting the 

need for more effective solutions. Emend, a nanocrystal formulation of a prepitant, can increase the 

drug's dissolution rate and bioavailability by nearly fourfold. This leads to more stable plasma levels 

and greater antiemetic efficacy which approved for chemotherapy-induced nausea and vomiting [29]. 

1.2.2. Selection of Dissolution Medium 

The selection of media volume and composition will majorly depend on the solubility and 

stability of the drug, route of administration, and intended site of action along with stability of the 

whole system over the testing time span. Applicability of the method is ultimately determined by its 

accuracy and precision in identifying the variations and similarities in release kinetics. In previous 

studies, artificial human blood plasma, artificial synovial fluid and simulated cerebrospinal fluid 

have been used as release medium [49,50]. For robust testing, the composition of complex natured 

medium needs to be simplified while keeping the physiological parameters constant (pH and osmotic 

pressure) [51]. Moreover, in-vitro dissolution testing of nanoparticles may be performed under non-

sink conditions besides mostly preferred sink conditions [52]. The release kinetics can be influenced 

by presence of solubilizers as well as varying stirring rates [53–55]. For marketed nanoformulations, 

phosphate-buffered saline (PBS) with 0.1% (w/v) sodium lauryl sulfate was used as a dissolution 

medium for Doxil® (doxorubicin liposomal formulation), allowing for appropriate differentiation 

between different liposomal formulations [56]. Similarly, simulated gastric fluid (SGF, pH 1.2) 

supplemented with 0.5% Tween 80 was used to test the dissolution of Abraxane® (albumin-bound 

paclitaxel nanoparticles), which demonstrated faster dissolution rates than conventional paclitaxel 

formulations [57]. 

1.2.3. Filtration of Aliquots 

The dissolution study involves different steps: running the dissolution test in vessel or cell, 

withdrawing, filtering, and analysing the aliquots. Filtration is crucial component in dissolution test 

as it removes undissolved drug particles from the sample. As drug particles get smaller, they tend to 

aggregate more readily and hence filtration of aliquots becomes more challenging.  

Most commonly used conventional filters in dissolution study includes cannula tip filters and 

syringe filters. These filters present several challenges when used with nanoparticles. Size of cannula 

tip filters is too large (ranging from 1 to 70 microns) for filtering of nanoparticles. Although, syringe 

filters can screen particles as small as 0.2 microns, but they can still be excessively larger or encounter 

additional issues like back pressure (due to particle aggregation and damage the filter) or artificial 
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dissolution during filtration of nanoparticles. Additionally, conventional filters of smaller size have 

also been explored, but they have not been successful due to their proneness to blockage, leading to 

inefficient filtration and undesirable outcomes. Despite these challenges, conventional filters remain 

a viable option for filtration applications. Besides conventional filters, dialysis membrane is also 

widely used filtering aid for nanoparticles. 

Furthermore, even after collecting the aliquot into the test tube or HPLC vial, the undissolved 

particles may continue to dissolve. Consequently, drug concentrations may rise and fluctuate, which 

distort the dissolution results. These problems associated with both conventional and dialysis 

filtration methods may lead to inaccurate data as well as dissolution rates that don't align with in-

vivo test results. The USFDA has approved eleven microsphere and fourteen liposome formulations. 

Further, in-vitro testing methods must be developed to ensure their efficacy and safety, and support 

the product development process [58]. The US and European regulatory agencies recommended 

various types of apparatus including paddle, basket, flow-through cell for in –vitro dissolution study 

of formulations, but not for nanoparticles. Some other non-official methods used for dissolution study 

include dialysis membrane, and sample and separation method [59]. 

The nanoparticles can alternatively be held in a Float-A-Lyzer or comparable dialysis membrane 

for dissolution testing, wherein the membrane also acts as an efficient filter. However, the key 

drawback of this technique is improper mixing of nanoparticles within the bag which artificially 

delays drug release. The data from literature demonstrated that the rate-limiting step for drug 

dissolution in such instances is diffusion across the membrane, rather than the dissolution process 

itself. This diffusion barrier makes it challenging to correlate the in-vitro and in-vivo test results 

which is necessary for the dissolution data to be useful [60,61]. The dialysis membrane is the most 

commonly used technique for analysing the in-vitro release pattern of nanoparticles. Slide-A-Lyzer™ 

dialysis cassettes (MWCO 10 kDa) exhibited delayed liposomal drug release compared to in-vivo 

results. Furthermore, studies using cellulose dialysis tubing (MWCO 12-14 kDa) for chitosan 

nanoparticle drug release found that membrane diffusion frequently hinders the process, reducing 

the reliability of such methods for predictive analysis [62]. 

The semipermeable membrane separates and helps to analyse the released or free drug from the 

nanoparticles. The sample and separation technique involve physical separation of drug from 

nanoparticles using centrifugal ultra-filtration, pressure ultra-filtration, etc. techniques. However, the 

timely release profile cannot be estimated using dialysis or sample separation techniques due to the 

associated variations observed. 

Due to the lack of compendial regulatory standards, scientists used a combined approach such 

as the sample separation method for dissolution testing and also worked to validate the same. It 

combines the use of USP dissolution apparatus II with ultracentrifugation technique validated to 

effectively separate the free drug from samples withdrawn at different time intervals. The approach 

was found to be more accurate and repeatable compared to the dialysis membrane method and 

sample separation using the syringe filter method [63]. Several conventional filtration methods have 

been tested for nanoparticle dissolution studies, with each posing unique challenges. Whatman™ 

glass microfiber filters (1-2.7 µm) are widely used for dissolution testing, but their large pore size 

makes them less effective for nanoparticles [64]. Millipore Millex-HV PVDF syringe filters (0.45 µm) 

encounter back pressure issues when filtering aggregated nanoparticles [65]. Even PALL Acrodisc® 

PSF GxF/GHP membrane filters (0.2 µm) tend to clog during PLGA nanoparticle filtration, 

emphasizing the ongoing difficulties associated with traditional filtration techniques [66]. 

To address these limitations, a variety of combined or alternative techniques have been 

developed. For instance, Amicon® Ultra centrifugal filters (10 kDa) with USP apparatus II have been 

shown to be effective for mesoporous silica nanoparticle dissolution testing [67]. Similarly, Sartorius 

Vivaspin® ultracentrifugation devices (3 kDa) combined with a paddle apparatus resulted in efficient 

drug separation from PLGA nanoparticles [68]. Notably, centrifugal ultrafiltration with Nanosep® 

devices (3500 rpm for 15 minutes) has demonstrated greater repeatability and reliability in lipid-
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polymer hybrid nanoparticle dissolution studies than traditional dialysis, paving the way for 

standardized testing methodologies [69]. 

2. Non-Compendial Dissolution Methods 

2.1. Dialysis Membrane Method 

This method is used to determine in-vitro drug release kinetics as well as establish the IVIVC for 

nanocarriers. The release of drug from donor to acceptor compartment is limited by a barrier, i.e. 

diffusion-limited process. Calibration experiments can be performed to confirm the diffusion barrier 

properties of the membrane by placing the formulation in various membranes with different pore 

sizes. The accumulation of free drug in donor compartment indicates rate of drug release is greater 

than its penetration rate across the membrane, which may be overcome with selection of a membrane 

with suitable pore size. 

The dialysis membrane is soaked in desired media (Type I water, Aqueous polysorbate 80) for 

24 hours before its use. The donor compartment is comprised of a drug solution placed inside the 

membrane, releasing the drug in same compartment, which further permeates across the membrane 

into the acceptor compartment. However, the membrane may cause inaccurate interpretation of drug 

release, highlighting differences in drug release profiling compared to ultracentrifugation method. 

The external forces in ultracentrifugation method may also impact drug release, resulting in an 

inaccurate comparison. Several mathematical models were developed to determine the precise drug 

release profile based on the type of nanocarriers. A dialysis membrane with the USP type IV 

apparatus was also used for in-vitro dissolution testing. Further, after dissolution study, the dialysis 

membrane and donor compartment both were analysed for estimation of free drug as well as 

nanocarrier entrapped drug. This helps to quantify the amount of drug released but bound to donor 

compartment. The mean size of dispersed nanoparticles was also measured at the end of each run 

[70–73]. 

The dialysis membrane technique is widely applied in nanocarrier systems. For example, a 

cellulose dialysis membrane was used to study doxorubicin release from polymeric nanoparticles in 

phosphate buffer (pH 7.4), which revealed different release patterns than direct sampling [74]. 

Similarly, regenerated cellulose dialysis tubing was used to assess paclitaxel release from lipid 

nanoparticles, which demonstrated a biphasic release pattern with an initial burst followed by 

sustained release [75]. The membrane's diffusion barrier properties were confirmed by parallel 

experiments with free drug solutions. Researchers used the dialysis bag technique with Float-A-

Lyzer® G2 to study insulin release from PLGA nanoparticles, emphasizing the role of membrane 

pore size in drug accumulation [76]. Another study compared dialysis with ultracentrifugation for 

itraconazole-loaded solid lipid nanoparticles, and found that dialysis resulted in slower apparent 

release rates [77]. 

The integration of dialysis membranes and flow-through systems has produced promising 

results. One study modified a USP type IV apparatus with a dialysis adapter to allow for continuous 

flow dissolution testing of liposomal formulations while preserving sink conditions and 

nanostructure integrity [78]. Another approach investigated PLGA-PEG nanoparticles using dialysis 

cassettes and a mathematical model to account for drug-membrane interactions. This method used 

post-dissolution analysis of both the membrane and donor compartments to quantify bound drug 

fractions, resulting in a more accurate representation of release kinetics [79]. 

2.2. Sample and Separation Method 

In this method, USP type I and II apparatus are frequently used, however vials can also be used 

in case of small volume of media. The drug loaded nanoparticles were placed in a suitable dissolution 

media maintained at constant temperature eunder continuous stirring to promote wetting and avoid 

aggregation of particles. The selection of dissolution media is based on the solubility and stability of 

the drug. The drug release from nanoparticles is estimated by physically separating and analysing 
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the samples at predefined time intervals [13,80]. Advantages and limitations of various non-

compendial dissolution test methods are summarized in Table 2. 

Table 2. Non-compendial methods for dissolution testing of nano-formulations. 

Dissolution 

method 
Advantages Limitations 

Dialysis 

membrane 

method 

Most popular approach 

due to the lack of 

compendial methods for 

the in-vitro release study 

of nano-formulations 

Nano-formulations may face permeation kinetics 

problem for free drug in the donor compartment to 

pass through the dialysis membrane. This results in 

slower permeation than release of drug in the donor 

compartment. It affects the accuracy and actual 

release profile of the drug since the acceptor 

compartment does not reflect the same release. 

These problems create non-sink conditions for 

further release of drug from nanoparticles inside the 

dialysis bag [13]. 

Sample and 

separation 

method 

This approach is close to 

conventional compendial 

in-vitro release method. 

This method found to be 

superior over the dialysis 

membrane method in 

evaluating release kinetics 

of nano-formulation and 

discriminating release 

profile based on particle 

size. It offers more 

accuracy and precision in 

demonstrating actual 

release profiles and uses 

sample separation 

techniques such as 

centrifugation, and 

centrifugal 

ultracentrifugation 

Shear-sensitive particles are susceptible for forced 

release during this centrifugation method. Release of 

drug may also continue during separation process. 

Filtration techniques with small syringe-pore size 

are preferred to limit the entry of nanoparticles. This 

method proved to be effective, simple, and time-

efficient. Here, the complete separation of the free 

drug from nanocarrier is the concern [81]. 
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methods, instead of 

membrane [82,83]. 

3. Compendial Dissolution Methods and Its Modifications 

The compendial method and its modification have been used to test the drug release from 

nanocarriers. Moreover, compendial methods such as USP type I and II may use limited volume of 

media for dissolution testing. However, USP type IV (flow-through cell) uses an infinite volume of 

dissolution medium both for open loop and closed loop setups. All the compendial USP apparatus 

were featured in Figure 3. [84]. 

3.1. USP Type-I (Basket) Apparatus 

The construction and specifications of USP basket (type 1) apparatus is provided in USP chapter 

‘<711> Dissolution’ [85]. This apparatus is commonly used for in-vitro drug release testing from 

conventional dosage forms such as tablets and capsules.  

However, use of a basket design for drug release study from nanoparticles is challenging due to 

its structural features. Previous study reported no discriminatory results between different 

formulations of griseofulvin or cefuroxime axetil for in-vitro drug release tested using basket design. 

This was attributed to the tendency of nanoparticles to aggregate into different sizes and shapes 

within the basket, affecting their water holding and wetting capacity [86,87]. Moreover, in-vitro drug 

release from polymeric films of griseofulvin nanoparticles using basket apparatus demonstrated a 

direct correlation between dissolution rate and the agitation speed [87]. However, low shear force 

within basket was found to be responsible for aggregation of nanoparticles or adherence of film to 

the basket wall. The basket method was deemed unsuitable for comparing dissolution profiles based 

on particle size, as both microparticles and nanoparticles exhibited similar dissolution profiles at high 

agitation speed [87]. 

In another study, similar problems were reported with use of basket method to evaluate the 

release from unprocessed crystalline, and processed amorphous nanoparticles of cefuroxime axetil. 
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The nanoparticles immersed in dissolution medium using the basket appeared to float on the surface. 

Initial rapid followed by slow rate of drug dissolution from particles was observed attributed to their 

aggregation [86]. 

3.1.1. Modified Cylinder in USP Type-I Apparatus 

A modified USP type 1 apparatus with membrane diffusion cylinder (a flat-bottom cell with the 

opening covered by a dialysis membrane) was used to test the drug release from rifampicin and 

moxifloxacin hydrochloride loaded gelatin and polybutyl cyanoacrylate nanoparticles. This modified 

assembly was only able to detect the faster rate of in-vitro drug release from gelatin nanoparticles 

under forced degradation (enzymatic) than non-forced (normal) conditions. Moreover, the distinct 

release mechanisms for both drugs from gelatin nanoparticles were discernible using the modified 

cylinder method [54,84]. 

Modified cylinder method used for testing in-vitro drug release may offer several advantages 

[88]: 

• It can be used to perform test under sink conditions  

• It can resemble in-vitro dissolution profiles with in-vivo drug release mechanisms up to the 

maximum extent. 

• It can distinguish between release profiles from formulations with variable composition. 

• It can distinguish and help understand the in-vitro drug release mechanism from 

nanoparticles in various media with low standard deviation in dissolution data compared to dialysis 

bag method. 

This was attributed to the constant surface area and constant hydrodynamic conditions at the 

membrane’s surface offered by modified cylinder. However, a slight variation in hydrodynamic 

conditions was reported at the dialysis bag’s surface while stirring. 

• Use of modified cylinder in standard dissolution test apparatus is advantageous than 

dialysis bag [89]. 

3.2. USP Type-II (Paddle) Apparatus 

The construction and specifications of USP paddle (type 2) apparatus is same as for basket (Type 

1) apparatus except the basket is replaced with paddle assembly [85]. 

The dosage form to be tested is allowed to sink at the bottom of the vessel before starting the 

dissolution test. A suitable sinker device (wire helix) made up of nonreactive material may be used 

for dosage forms which tend to float during test [85]. 

3.2.1. Modified Dispersion Releaser in USP Type-II Apparatus 

Estimation of accurate rate of in-vitro drug release from nanoparticles using USP type 2 (paddle) 

apparatus is challenging as like USP type 1 method. This was due to the common issues such as 

aggregation, agglomeration, and inadequate water absorption by nanoparticles along with 

maintaining non-sink condition. 

Moreover, use of sink conditions may create problems in differentiating dissolution profiles of 

nano-formulations with varying compositions or properties. Liu et al. [56] employed wet milling 

approach for preparation of indomethacin nanosuspensions with three different particle sizes. The 

study examined the impact of agitation speed and medium pH on dissolution rate of different sized 

particles. The sample amount to saturation solubility ratio was varied to produce dissolution profiles 

under sink and non-sink conditions. The study reported that increasing the sample amount to the 

saturation solubility of drug resulted in the slowest dissolution rate and best differentiating 

dissolution profiles. However, use of excessive sample or sink conditions can accelerate dissolution 

rate and reduce the ability to distinguish between different dissolution profiles. The study found that 

non-sink conditions were preferable to sink ones for comparing dissolution profiles of different 

particle sizes of Indomethacin nanosuspensions. Moreover, while the agitation speed seemed to have 
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little impact on the dissolution profiles, but the low solubility achieved by selecting a suitable pH of 

the media found to assist in distinguishing dissolution profiles. 

Yang et al. [57] employed a modified tri-axial electrospinning technique to prepare 

heterogeneous nanoscale drug depots in form of core-shell fibres using ferulic acid as a model drug 

and cellulose acetate as a filament-forming polymeric matrix. The in-vitro dissolution test was 

performed using a paddle method (Chinese Pharmacopoeia) with 900 mL of 0.1 M phosphate 

buffered saline pH 7.0 maintained at 37 ± 1 °C under sink conditions and continuous stirring (50 rpm). 

The fibres demonstrated nearly zero-order release over 36 hours with no initial burst release and low 

tailing off compared to monolithic fibres, which showed burst release with considerable tailing-off. 

Attariet al. [18] developed nanosuspensions of Ibuprofen (BCS class II drug), and Aprepitant 

(BCS class IV drug) separately using a combinative approach and evaluated for several parameters 

including in –vitro drug release using the USP type II apparatus. The release of both drugs was found 

to be improved for nano-formulations compared to their pure form. 

 

Figure 1. Schematic diagram illustrating modifications of the dispersion releaser in the USP Type-II (paddle) 

dissolution apparatus for enhanced evaluation of nanoformulations. These adaptations address limitations of 

conventional wire helix sinkers by promoting uniform agitation and reproducible release profiles in biorelevant 

media. 

While establishing quality standards for nanomedicines, it is recommended to harmonize the 

use of equipment or technology for dissolution testing between various countries or regions. Wacker 

and colleagues [90] developed the dispersion releaser technology to address the problem of drug 

release testing of nanomedicines. Dispersion releaser consist of a dialysis cell (donor compartment) 

attached to a shaft stirrer and a dissolution vessel (acceptor compartment) in the USP type-II 

apparatus (Figure 1) [85,90]. O-rings, or rubber rings, are used to secure the dialysis membrane to the 

hollow cylinder structure (sample holder). The dispersion releaser exhibited better hydrodynamics 

than conventional dialysis setups attributed to the use of two separate stirrers i.e. one inside (in donor 

cell) and another outside (in acceptor vessel) [53,88,91]. A continuous stirring of the liquid in the 
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donor compartment contributes to build the membrane pressure that guide the flow of media to the 

membrane. To further ensure that the medium composition does not impede the separation process, 

a number of biorelevant media were used during drug release studies [88].  

This technology was explored for drug release testing from polymer nanoparticles [84], natural 

polymeric microparticles [92] and liposomes [93]. Previous reports show dispersion releaser can be 

used for testing of nano-formulations as well as for distinguishing formulation variations [84,89,91]. 

The dissolution test must be based on the harmonised compendial equipment suggested by various 

pharmacopoeias. Moreover, this technology should enable testing of nano-formulations for various 

objectives, including quality control and biorelevant release studies during formulation development 

[88]. 

Heng et al. [59] studied the suitability of different types of dissolution apparatus (the paddle, 

rotating basket, a dialysis method, and flow-through cell) for discriminating the rate of dissolution 

of cefuroxime axetil nanoparticles based on their size. In the dialysis method, even the use of high 

molecular weight cut-off membrane created an additional barrier to the drug dissolution, thereby 

reducing rate of dissolution. However, the paddle approach initially showed similar dissolution 

rates, but eventually slowed down for nanosized drugs due to tendency of nanoparticles to 

agglomerate, which reduced their surface area as well as rate of dissolution. In case of basket 

apparatus, nanoparticles initially showed higher dissolution but eventually slowed down than the 

unprocessed form. This was indicative of an initial forced wetting by submerging the sample into 

medium. Further, adhesion of the aggregates to the basket walls was another issue with this 

technique. Additionally, both the paddle and basket methods demonstrated common issue of floating 

of nanoparticles over the surface of dissolution medium which was responsible for poor wetting and 

associated significant heterogeneity in the dissolution profiles of nanoparticles. The study 

recommended the flow-through cell as the most robust dissolution method for the nanoparticulate 

system [59]. 

3.3. USP Type-IV (Flow-Through Cell) Apparatus 

It includes a water bath to keep the dissolution media at 37 ± 0.5°C, a flow-through cell, and a 

reservoir and pump for medium. The cell size (volume) to be used is provided in the individual 

monograph [89]. 

The dissolution medium is forced upward through the flow-through cell by the pump. Standard 

flow rates for the pump are 4, 8, and 16 mL/min, with a delivery range of 240 to 960 mL/h. It must 

provide a steady flow (±5% of the nominal flow rate); the sinusoidal flow profile pulses at a rate of 

120 ± 10 pulses per minute. Alternate option of a pump without pulsation is also available. Procedures 

for dissolution tests using a flow-through cell should be described in terms of rate and any pulsation 

[85]. 

A flow-through cell is composed of the transparent and inert material, and vertically positioned 

that features a filter system to hold undissolved particles from escaping from the top of the cell. The 

cell has standard diameters of 12 and 22.6 mm. The bottom cone is filled with small glass beads (about 

1 mm in diameter), with one bead of approx. 5 mm kept at the apex to protect the fluid entry tube. 

Additionally, a tablet holder is provided to hold special dosage forms, such as inlay tablets. The cell 

is submerged in a water bath to maintain constant temperature (37 ± 0.5 °C) [85]. 

3.3.1. Modified Dialysis Adaptor in USP Type-IV Apparatus 

The flow-through cell is appropriate for studies requiring small amounts of medium since it can 

be utilised as a closed loop system when the medium is continually recirculated through the cell 

[40,89]. This configuration can differentiate nanoparticulate formulations based on their dissolution 

profiles for varying sizes [80]. However, open loop system requires large (infinite) volume of fresh 

medium, continually streaming through the cell, potentially limiting or preventing analytical 

measurement of small quantities of drug [84,88,94]. 
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Sievens-Figueroa et al. [95] compared USP I and IV apparatus for discriminating the dissolution 

rates of griseofulvin nanoparticles and microparticles-loaded strip-films using sodium dodecyl 

sulfate as a dissolution medium. USP IV comprises a flow through cell with an internal diameter of 

22.6 mm in a close loop design, requiring less volume of medium (without compromising sink 

conditions) compared to the basket method. It has been reported that USP I apparatus was unable to 

distinguish between the varying dissolution rates of griseofulvin particles based on their size. 

Conversely, USPIV found to efficiently discriminate between griseofulv in nanoparticles and 

microparticles integrated into strip-films based on their rate and extent of dissolution. Moreover, best 

discrimination can be achieved by placing the strip-film between glass beads as well as by using a 

flow rate of 16 ml/min. The ability of USP IV to offer better control over the strip-film positioning 

may have further impact on dissolution rate. Therefore, comprehensive research is needed to 

completely understand these impacts. These findings showed the excellent discriminatory power of 

the USP IV apparatus based on particle size, indicative of its suitability as a testing tool in the 

development of poorly soluble drug nanoparticles-loaded strip-films [90]. 

 

Figure 2. Schematic representation of a dialysis adaptor-based USP Type-IV (flow-through cell) apparatus 

configured in a closed-loop system for precise in vitro release assessment of nanoformulations. This setup 

overcomes sink condition limitations and filter clogging issues associated with nanoparticulate systems like 

liposomes or nanocrystals, enabling accurate, reproducible release profiling in biorelevant media under 

hydrodynamically standardized conditions compliant with USP. 

The compendial USPIV dissolution apparatus can be modified with a unique dialysis adaptor 

placed inside the flow-through cell in upright position (Figure 2) [96]. The adapter design comprised 

of a cylindrical structure, the ends of which are sealed by fixing the dialysis membrane using O-

rings,as like the dispersion releaser cell. This dialysis adapter-based USP IV apparatus combines the 

benefits of the dialysis sac method and a compendial standardized apparatus. Moreover, this 

approach found to prevent issues that are prevalent in traditional dialysis procedures, such as lack 

of agitation, violations of sink conditions, and filter clogging in USPIV. The modified USP 4 setup 

demonstrated greater discriminatory ability and robustness for in-vitro release testing of colloidal 

dosage forms (emulsions, nanosuspensions, and liposomes) compared to conventional stirred beaker 
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dialysis setups (dialysis sac and reverse dialysis methods) [84,97]. Applications of various 

compendial and modified compendial in-vitro dissolution test methods are summarized in Table 3. 

Table 3. Applications of compendial and modified compendial methods in dissolution testing of nano-

formulations. 

Compendial 

method 

Type of nano-

formulation 
Applications 

1) USP type-1 

(basket) 

a) Modified 

cylinder type 

Nanoparticles 

E.g. Cefuroxime axetil or 

griseofulvin 

nanoparticles. 

Highlighted the problem of nanoparticle 

containment in the basket approach due to 

aggregation. An initial rapid dissolution rate 

was followed by a slow dissolution rate. 

Modified cylinder approach was used to 

investigate the dissolution and release 

kinetics of drug loaded nanoparticles in 

different media. 

2) USP type-2 

(paddle) 

a) Modified 

dispersion releaser 

Nanosuspension 

E.g. Indomethacin 

nanosuspension. 

Dispersion releaser filled 

with nanoparticles loaded 

with an orange dye. 

It is challenging to determine the exact release 

rate using the paddle approach. Non-sink 

conditions have reportedly been used, and 

were found to be superior than sink 

conditions while comparing indomethacin 

nanosuspensions with three different particle 

sizes. Research findings indicated that the 

dispersion releaser aids in the discriminating 

nanoparticulate drug products based on 

variations in formulation composition. 

3) USP type-4 (flow 

through cell) 

a) Flow through 

cell with closed 

loop 

b) Flow through 

cell with open loop 

c)Dialysis adaptor 

Nanosuspension and 

Liposomes 

E.g. (i) Griseofulvin 

nanoparticles, Celecoxib 

nanosuspension. 

(ii) Liposomes 

(dexamethasone release 

USP 4 has been reported to be the most 

efficient method for analysing dissolution of 

nanoparticles. 

Modified USP 4 has been used for 

characterization of dexamethasone-loaded 

suspensions and liposomes. 
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from different liposomal 

compositions) 

 

   

 

 

USP Type 1 

Basket 

USP Type 2 

Paddle 

USP Type 3 

Reciprocating 

Cylinder 

USP Type 

4 

Flow 

Throw 

cell 

USP Type 5 

Paddle Over Disk 

  

USP App 6 

Rotating Cylinder 

USP App 7 

Reciprocating 

Holder 

Figure 3. Comprehensive schematic illustration of modern compendial dissolution apparatuses as per USP, 

highlighting Apparatus 1 (basket), Apparatus 2 (paddle), Apparatus 3 (reciprocating cylinder), Apparatus 4 

(flow-through cell), Apparatus 5 (paddle over disk), Apparatus 6 (rotating cylinder), and Apparatus 7 

(reciprocating holder) for standardized in vitro testing of oral solid dosage forms including nanoformulations. 

Each apparatus maintains precise hydrodynamic conditions at 37°C ± 0.5°C, with typical volumes of 500 - 4000 

mL for Apparatus 1/2, agitation rates of 25 - 150 rpm, and flow rates of 4 - 16 mL/min for Apparatus 4, enabling 
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discrimination of release profiles under sink or non-sink conditions while simulating gastrointestinal transit. 

These designs address specific challenges like floating dosage forms, filter clogging with nanoparticles, and 

controlled-release kinetics, ensuring reproducibility and regulatory compliance in biopharmaceutics 

classification and quality control. 

4. Factors Affecting Dissolution Rate of Nanoformulations 

Several formulation and physicochemical variables govern the dissolution rate of 

nanoformulations, including the primary particle size (smaller particles provide larger surface area 

and thinner diffusion boundary layer. Thus accelerating dissolution, solid-state properties such as 

crystallinity and polymorphic form (amorphous or high-energy polymorphs usually dissolve faster 

than stable crystalline forms). Moreover, stabilizers control surface characteristics where the choice 

and concentration of surfactants/polymers influence wetting, steric/electrostatic stabilization, and 

risk of aggregation, which can either enhance or reduce dissolution.  In addition, the tendency of 

nanoparticles to aggregate during processing or storage, the presence of wetting agents and 

disintegrants in solidified dosage forms, and the composition of the dissolution medium (pH, ionic 

strength, and biorelevant surfactants such as bile salts) further modulate the effective surface area 

and concentration gradient driving diffusion, thereby significantly affecting dissolution behavior of 

nanoformulations. Several factors that can affect the rate of dissolution of nano-formulations were 

described below. 

4.1. Composition of Dissolution Medium: pH, Ions, and Concentration 

Chemical composition of the dissolution media is the key factor that affects the dissolution of 

nanoparticles. The selection of medium for dissolution testing depends on the intended route of 

administration as well as site of action. The media selected should be adjusted with a pH and 

temperature similar to the physiological or in-vivo site of release. Moreover, the formulation should 

be prepared in such a way that it exhibits the maximum rate of release in the microenvironment of 

action site [98,99]. 

Jainet al. [100] reported the pH of normal cells in neutral range, while that of malignant cells in 

acidic range (pH 5–5.5). The higher rate of doxorubicin release from PEGylated NPs in acidic pH 5 

showed greater drug availability at tumour site compared to normal cells (pH 7.4) [101]. Enteric 

coated particles protect the release of drug in acidic pH 1.2 (less than 5–10% drug release) followed 

by more than 80% drug release in the intestinal pH range (pH 5.5-6.8). This rise in release rate was 

attributed to the use of a pH-sensitive polymer that protects drug in acidic pH as well as reduction 

in particle size that helps the drug to dissolve more readily after releasing in intestinal pH [101]. 

Moreover, the composition of simulated biological fluid can affect saturation concentration of 

nanoparticles and dissolution kinetics [102]. The ability of ionic or organic molecules present in the 

dissolution medium, to form more or less soluble complexes with released ions will either enhance 

or supress the dissolution of nanoparticles [103]. For instance, in contrast to the chloride-free control, 

the presence of a small amount of chloride can considerably supress the release rate of soluble Ag 

species [104]. 

4.2. Solubility of Drug in Dissolution Medium 

The solubility of a drug in the dissolution medium significantly impacts the dissolution rate of 

nanoparticles. The solubility and hence dissolution of drug in release medium was found to be 

affected by several factors including its size and shape, surface area, wettability, and state 

(amorphous or crystalline) [94,105,106]. If the drug entrapped in nano-formulation has poor 

wettability, then its release will be compromised. The loaded drug must have good solubility in the 

intended release media [107]. Moreover, the surface properties of nanoparticles, such as surface 

charge and hydrophobicity, can influence their interaction with the dissolution medium and hence 
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drug dissolution. Additionally, the type of polymer used in polymeric nanoparticles can control the 

release of the drug, influencing the dissolution rate [108]. 

4.3. Surface Area-to-Volume Ratio 

Nano-sized particles have superior dissolving capabilities due to their larger surface-area-to-

volume ratio compared to microparticles. Furthermore, nanoparticles have a higher percentage of 

atoms around their corners and edges rather than on their flat terraces compared to larger particles. 

This helps ions and small clusters present at the surface to separate from nanoparticles more easily 

due to high content of free energy [98,109,110]. 

Nakaraniet al. prepared nanosuspension for oral delivery of itraconazole. The in-vitro 

dissolution studies of nanosuspension showed more than 90% drug dissolution in 10 minutes 

compared to the 10% and 17% drug release from the pure drug and the marketed formulation 

(Canditral®, capsule), respectively [111]. Sun etal. [112] stated that a small particle size, a larger 

surface area, a thinner diffusion layer, and higher saturation solubility, all significantly boost the rate 

of dissolution by increasing the particle surface area and wetting by media, and thereby enhancing 

bioavailability. 

4.4. Kinetic Size Effects 

It is a process where a high concentration of the dissolved species initially appears, and then the 

concentration decreases until saturation is attained. The kinetic size effect usually occurs for 

nanoparticles, and the effect found to be increased with decrease in particle size [113]. Kinetic size 

effects describe a transient, size dependent dissolution process in which very small nanoparticles 

dissolve so rapidly that a high, often supersaturated, concentration of dissolved drug is generated 

initially, followed by a gradual decline toward the equilibrium saturation solubility as precipitation 

and recrystallization proceed. In nanoformulations, the large specific surface area, higher surface 

energy, and thinner diffusion layer around smaller particles markedly increase the dissolution 

velocity, so the magnitude of this kinetic solubility peak becomes more pronounced as particle size 

decreases. This phenomenon is therefore characteristic of nanoscale systems rather than bulk 

material, and is an important contributor to the enhanced apparent solubility and accelerated 

dissolution rate observed for drug nanocrystals and related nanoformulations [98,113,114]. 

4.5. Presence of Strong Oxidants 

The presence of strong oxidising agents such as oxygen, H2O2, HO2-, OCl-, as well as sunlight 

were reported to alter the dissolution rate of nano-formulations. For instance, the dissolution from 

silver nanoparticles was found to be improved in presence of oxygen and H2O2. The presence of 

strong oxidizing agents such as dissolved oxygen, hydrogen peroxide (H₂O₂), hydroperoxide ions 

(HO₂⁻), hypochlorite (OCl⁻), and sunlight exposure has been reported to significantly alter the 

dissolution rate of nanoformulations by promoting oxidative surface reactions that enhance material 

breakdown and ion release. For instance, silver nanoparticles exhibit accelerated dissolution in the 

presence of oxygen and H₂O₂, where these oxidants facilitate the conversion of metallic Ag⁰ to more 

soluble Ag⁺ ions through redox processes, leading to faster overall solubilization compared to inert 

conditions. This effect arises from the high surface reactivity of nanoparticles, making them 

particularly susceptible to environmentally relevant oxidants during in vitro testing or in vivo 

exposure.  

Beyond silver nanoparticles, similar oxidative enhancement occurs with other metallic or metal 

oxide nanoformulations, such as those containing zinc oxide or iron oxides, where strong oxidants 

disrupt lattice structures and increase the effective surface area available for dissolution. Sunlight, 

acting via photochemical reactions, further amplifies this by generating reactive oxygen species 

(ROS) that catalyze surface etching, a phenomenon observed in environmental and physiological 

contexts with dissolved O₂ or H₂O₂. These factors highlight the importance of controlling redox 
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conditions in dissolution media to accurately predict nanoformulation performance and ensure 

stability in biorelevant environments. [98,115]  

4.6. Aggregation of Particles 

Aggregation is a crucial factor in dissolution of nanoparticles, where secondary particles are 

formed by bonding of primary particles, attributed to the reduced electrostatic repulsion between 

particles [116–118]. This reduces the external surface area available, affecting the rate and extent of 

dissolution [98,116]. Further, agitation speed also found to affect the aggregation of nanoparticles. 

Therefore, aggregation state of particles limits the sites available for oxidation and exhibits inverse 

relationship with rate of dissolution [119,120]. Aggregation of nanorods found to almost or entirely 

inhibit its dissolution [121]. 

Aggregation of nanoparticles can overcome by chemically attaching the ligands of stabilizing 

substance to the particles surface. This makes nanoparticles more stable and resilient to changes in 

solution pH and concentration (stay in a dispersed state). Moreover, the type of ligand and nature of 

chemical bonding with the particle surface found to decide the rate of dissolution [122,123]. Previous 

research findings reported an increase in dissolution rate of polyvinylpyrrolidone-stabilised 

nanoparticles compared to citrate-stabilized nanoparticles [124]. 

5. Advanced Dissolutiontechniques 

Several issues associated with the current methods are resolved by in-situ drug release 

estimation. In-situ approach is based on principles like turbidimetry, light scattering, and 

voltammetry. The instrument developed is Sirius®,Diss Profiler. The in-situ probes monitor the 

timely concentration by measuring the UV absorbance of free drug released from the nanoparticle 

without separating from the carrier system. The nanocarriers cause scattering of light. The instrument 

compensates for the amount of UV light lost by using the concepts of Tyndall-Rayleigh scattering 

theory, collecting data for every second release.More error is associated with highly turbid samples, 

which is not possible with ionic and some other types of drugs. These kinds of techniques are being 

optimized to lessen any potential limitations, and could prove very useful, if successfully emerge by 

overcoming all of the limitations, in nano-formulations release studies [125,126]. 

 

Figure 4. Conceptual evolution from traditional separation-based methods (dialysis bags, sample-and-separate 

ultrafiltration/centrifugation) to advanced in-situ nano-dissolution testing paradigms for real-time, separation-

free assessment of nanoparticulate drug release. Conventional approaches (left) suffer from membrane diffusion 
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limitations, filter clogging, and artificial kinetics, while in-situ techniques (right) employ fiber-optic UV-VIS 

spectroscopy, potentiometric sensors, dynamic light scattering (DLS), fluorescence, or voltammetry directly in 

the dissolution vessel at 37°C, enabling continuous monitoring without sampling disturbances under USP-

compliant hydrodynamics. This shift enhances biorelevance, resolves supersaturation/precipitation dynamics, 

and supports IVIVC for nanoformulations like liposomes and nanocrystals. 

6. Conclusions 

In-vitro dissolutionis a crucial regulatory requirement for drug formulation, as it is an indicator 

of product quality, and correlates with in-vivo release that helps in developing effective 

formulation.The method to be used for in-vitro drug release study should mimic the in-vivo 

condition as well as should allow for IVIVC. However, there are no compendial methods or standard 

procedures reported for conducting release study of nano-formulations. The present article focuses 

on compilation of non-compendial and modified compendial techniques developed for in-vitro 

releasetesting of nano-formulations. The modified USP IV method was found to be most efficient for 

in-vitro dissolution testing of nano-formulations. Future research should focus on developing more 

efficient and advanced in-vitro dissolution techniques including in-situ methodologies to 

discriminate nano-formulations based on variations in composition and/or properties of nano-

formulations. 
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