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Abstract  Review Article 
 

The phenomenon of adsorption is a basic physicochemical behavior that controls molecular interactions at the interfaces 

in pharmaceutical formulations. From a physicochemical point of view, it has an impact on drug–drug, drug–excipients 

or drug–carriers’ interactions and with the biological surfaces provoking effects such as enhanced loading efficiency of 

the drug to the delivery system, improved stability of formulations for topical applications (prevents substance 

migration), dissolution properties (bioavailability enhancement) and therapeutic efficacy. In the pharmaceutical 

industry, adsorption is connected with fundamental processes like controlled drug liberation, surface-mediated transport 

and interactions with proteins and cell membranes. Surface properties, molecular structure, thermodynamic driving 

forces and adsorption kinetics determine the reaction pathways. This review delivers a specific mechanistic overview 

of the mechanism of adsorption process in pharmaceutical systems by integrating physical chemical principles, and 

adsorption isotherms as well as the kinetic and thermodynamic models related to drug delivery. Special emphasis is 

given to adsorption-based delivery systems and adsorption occurring at biological interfaces, demonstrating how fine 

tuning of the adsorption process enables rational formulation design, increases therapeutic efficacy, and minimizes 

unwanted interactions. 

Keywords: physicochemical principles, pharmaceutical systems, adsorption kinetics, drug delivery, interfacial 

adsorption. 
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1. INTRODUCTION 
Pharmaceutical sciences use concepts from 

chemistry, physics, biology and engineering to 

investigate drug molecules' behaviour in complex 

systems. Adsorption is a dominant among 

physicochemical processes affected on drug 

performance as it determines molecular interactions at 

pharmaceutical interfaces [1]. Adsorption influences 

how drug molecules come into contact with solid 

carriers, excipients, packaging materials and biological 

surfaces via surface mediated interactions, which has a 

direct influence on stability, bioavailability and 

therapeutic efficacy of drugs. The predominating 

adsorption paths at these interfaces are depicted in 

Figure 1. From the physicochemical perspective, 

adsorption occurs due to intermolecular forces between 

the adsorbates and adsorbent surface interactions, such 

as hydrogen bonding, electrostatic attraction, van der 

Waals force and hydrophobic effects. The contribution 

of these interactions relative to each other is determined 

by the molecular structure, surface energy and 

physicochemical properties of interacting phases [2]. 

Among pharmaceutical uses, these interactions are 

purposely used to modulate drug loading and release 

behaviour and to drive targeted delivery mechanisms [3]. 

 

Adsorption phenomena are common to many 

pharmaceutical dosage forms such as solids, 

suspensions, emulsions and nanocarrier-based 

formulations. Adsorption plays a role in the distribution 

of drug molecules onto excipient and carrier surfaces, 

which in its turn influences dissolution profiles, 

formulation stability and the ultimate in vivo 

performance [4]. In addition, adsorption at biological 

interfaces, such as plasma proteins and cell membranes 

is also one of the critical factors, which will determine 

both pharmacokinetic behavior and biodistribution 

patterns [5]. Although adsorption is a well-understood 

phenomenon, it continues to be empirically treated in 

pharmaceutical development and therefore provides only 

limited predictive power for drug product formulation. 

Accordingly, a more fundamental physicochemical 
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mechanistic insight is required to rationalize the 

experimental results and develop formulations in a 

controlled manner. In the scope of this review, we 

combine physicochemical adsorption models with 

pharmaceutical formulation aspects to give a 

consolidated mechanistic framework of the adsorption-

controlled drug delivery and therapeutic efficacy.

 

 
Figure 1: Schematic illustration of major adsorption processes at pharmaceutical interfaces, including drug 

adsorption onto biological surfaces, excipients, solid carriers, and packaging materials. 

 

2. Physicochemical Fundamentals of Adsorption  

Possible mechanism of the process the term 

adsorption is defined as the accumulation of molecules 

at an interface between two different phases due to 

physical or physicochemical interactions between an 

adsorbate and the surface of the adsorbent [6]. In 

pharmaceutical systems the adsorbate is a medicament 

and the adsorbent can be an inert material, or a porous 

support or a biological surface. According to the type 

and intensity of interactions queen, adsorption processes 

are usually distinguished as physisorption or 

chemisorption. Physisorption is the result of physical 

interactions between molecules and has weak 

intermolecular forces, but is an easily reversible process, 

which makes it highly relevant for controlled release 

drugs [7]. In comparison, chemisorption is characterized 

by much stronger interactions that can be accompanied 

by partial electron sharing or uphill transfer and which in 

some cases lead to irreversible adsorption. Surface 

properties and surface non-homogeneity have great 

impact on adsorption behaviour in pharmaceutical 

systems. Adjuvants and vehicle materials often have 

heterogeneous surfaces, which include adsorption sites 

with various energies. Such heterogeneity results in 

nonidentical adsorption energies, which affect loading 

capacity as well as the surface affinity and release 

kinetics of drug  [8]. The equilibrium state of drug 

adsorption on homogenous or heterogeneous surfaces is 

frequently thus modeled using adsorption isotherms. 

 

3. Adsorption Isotherms and Modeling in 

Pharmaceutical Drug–Carrier Systems 

Isotherm models of adsorption are commonly 

used to explain the correlation between drug adsorption 

on a carrier’s surface and the equilibrium concentration 

in a pharmaceutical system [9]. These models give an 

indication of surface affinity, adsorption capacity and 

type of drug-carrier interaction [10]. The Langmuir 

isotherm, which is based on the monolayer adsorption of 

adsorbate on homogeneous surface, has been used to 

describe the drug loading in porous carriers such as 

silica nanoparticles and polymeric matrices (the good 

accordance between the model and experimental results 

shows that accessible adsorption sites for drugs would be 

uniform and thus release behavior would be predictable) 

[11]. On the other hand, heterogeneous surface 

adsorption is expressed by the Freundlich isotherm, and 

has been used in adsorption on pharmaceutical 

excipients, polymeric carriers, and biological surfaces 

with non-uniform adsorption energies [12]. More 

sophisticated models such as the Temkin and the 

Dubinin–Radushkevich provide further mechanistic 

insight by taking into account adsorbate–adsorbate 

interactions, and distinguishing physical from chemical 

adsorption mechanisms [13]. Thus, the proper selection 

and interpretation of adsorption isotherms are important 

for formulation design; otherwise, a wrong modeling 

could provide misleading information about adsorption 

behavior and thermodynamic properties [14]. 
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Figure 2: Conceptual illustration of adsorption phenomena on homogeneous and heterogeneous pharmaceutical carrier 

surfaces. 

 

4. Thermodynamics and Kinetics of Adsorption  

Thermodynamic and kinetic studies are 

indispensable for understanding the possibility, 

mechanism, and rate of the adsorption process in 

pharmaceutical systems. The adsorption behavior can 

be evaluated based on thermodynamic parameters such 

as Gibbs free energy, changes in entropy and enthalpy 

[15]. The negative ΔG indicates the spontaneous nature 

of the adsorption process at the studied conditions; so 

drug loading can be successfully produced on the surface 

of carriers in absence of external energy [16]. 

Adsorption mechanism can also be inferred from 

enthalpy change, lower for physisorption and higher for 

chemisorption. Entropy changes correspond to the 

difference in interfacial disorder during adsorption, 

which typically results from displacement of solvent 

molecules at the adsorbent surface and depends largely 

on this factor for driving forces of adsorption [17]. Figure 

3 depicts the interplay of thermodynamic viability and 

adsorption courses that determine drug–carrier 

alignments. 

 

Thermodynamic assessment is supported by 

kinetic analysis which provides the rate of achieving 

adsorbent equilibrium [18]. Pseudo-first-order and 

pseudo-second-order models are typically used in the 

pharmaceutical systems, but in most cases, the pseudo-

second-order model better predicts adsorption behavior 

owing to prevailing share of surface-related interactions 

[19]. Diffusion-type models including the intraparticle 

diffusion model are particularly important for porous 

supports because they differentiate between a transport 

limited by particle surface adsorption and that which is 

controlled by diffusion into the porosities of the support. 

These differences are important for the rational design 

of sustained release drug delivery systems as for 

estimating the drug release in a adsorption-controlled 

system [20, 21]. 

 

 
Figure 3: Conceptual illustration of drug adsorption on pharmaceutical carriers, highlighting thermodynamic and kinetic 

processes (authors’ illustration). 
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5. Adsorption at Biological Interfaces: 

Physicochemical Considerations with 

Pharmaceutical Relevance  

The adsorption at biological interfaces is one of 

the important parts in the interaction between 

pharmaceutical systems and living bodies. From a 

physicochemical point of view, biological interfaces 

such as plasma proteins, cell membranes, and 

extracellular matrices behave like dynamic adsorption 

sites that significantly affect the distribution of drugs, 

their efficacy and more in general drug behavior [22]. 

 

5.1 Drug–Protein Adsorption 

Plasma proteins are the major biological 

adsorption surfaces that drugs will be exposed to after 

its administration. Adsorption of drugs onto the serum 

proteins is governed by their physicochemical properties 

such as size, shape and charge distribution, 

hydrophilicity/hydrophobicity, and the presence of 

particular surface groups [23]. These interactions are 

mainly driven by noncovalent forces, such as 

electrostatic or hydrophobic forces and are very sensitive 

to environment (ionic strength, pH) [24]. From the 

pharmaceutical point of view, drug–protein adsorption 

is decisive in pharmacokinetics by controlling the free 

fraction of drug that can be dedicated to therapeutic 

effect. Large protein binding can decrease the free drug 

concentration, while weak binding may result in quick 

systemic elimination [25]. Hence, insight into the 

mechanism of drug–protein adsorption, along with 

modelling methodologies is important to enhance design 

of formulation attributes, dosing schedule, and 

therapeutic efficacy. 

 

5.2 Protein Corona Formation on Drug Carriers 

In the context of nanocarrier-based drug 

delivery systems, adsorption processes are known to give 

rise to what it is called a protein corona, which refers to 

biomolecule layer acquisition upon contact with 

biological fluids [26]. The structure and composition of 

protein corona are mainly affected by the 

physicochemical properties of carrier surfaces such as 

surface charge, hydrophilicity and roughness. The 

successful formation of protein corona modifies the 

effective surface properties of drug carriers and thereby 

affects cellular internalization, biodistribution and 

clearance pathways [27]. From the physicochemical 

point of view, corona formation is a competitive 

adsorption process in which proteins with larger surface 

affinity gradually displace those that are bound 

weaklier. This dynamic equilibrium emphasizes that the 

surface chemistry of drug nanocarriers should be 

modulated for rational pharmaceutical design [28]. 

 

5.3 Adsorption at Cell Membrane Interfaces 

Cell membranes are complicated biological 

adsorption surface, which has inhomogeneous 

component and anisotropic feature. Drug adsorption 

onto membrane interface Drug adsorption at membrane 

interfaces is predominantly driven by electrostatic 

interactions with phospholipid headgroups and 

hydrophobic interactions within lipid bilayers [29]. 

Rigorous physicochemical regulation of membrane 

adsorption is thus a necessary requirement for the 

modulation of the drug permeation and transport across 

living barriers. Surface functionalized carriers that show 

increased adsorption affinity for particular membrane 

components can also assist in promoting cellular uptake 

while allowing maintenance of membrane integrity [30]. 

Such aspects have importance on the rational design of 

adsorption-mediated drug delivery systems as depicted 

in Figure 4. 

 

 
Figure 4: Conceptual illustration of physicochemical adsorption at biological interfaces, including drug–protein interactions, 

protein corona formation, and drug adsorption at cell membranes (authors’ illustration). 
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6. Adsorption in Pharmaceutical Formulation Design  

The adsorption is intentionally used in the 

pharmaceutical formulation design, as to control drug 

distribution, destabilization and release profile. From a 

physicochemical viewpoint, the formulation excipients, 

binders and carrier materials represent adsorption 

substrates which control drug−surface-interactions and 

thereby impact on the performance of formulations [31]. 

 

6.1 Drug–Excipient Adsorption 

Drug molecule adsorption on the excipient 

surfaces is a critical phenomenon during the formulation 

of solid oral dosage forms. Excipients like silica, 

microcrystalline cellulose, and polymeric binders 

present a large specific surface area for uniform drug 

distribution and formulation stabilization [32]. Hence in 

formulation development, drug-excipient surfaces can be 

considered as being physiochemically compatible. 

Nevertheless, excessive adsorption could decrease drug 

availability by sequestrating the molecules onto 

excipient surfaces. Therefore, the desirable dissolution 

behavior and controlled release profiles can only be 

obtained through a careful balancing of adsorption 

affinity via surface alteration with formulation 

optimization [33]. 

 

 

 

 

6.2 Adsorption and Solid-State Stability 

Adsorption plays a critical role in the solid-state 

properties of pharmaceuticals through its effects on 

crystallinity and polymorph stabilization. The adsorption 

of drug molecules onto the high–surface-area carriers 

can stabilize the amorphous state, which in turn enhances 

dissolution rate and thus bioavailability [34]. This 

stabilization is due to a limitation of molecular mobility 

on adsorbent surface from the point of view of 

physicochemical. Manipulation of the principles 

controlling stabilization upon adsorption allows for a 

systematic design of solid formulations with enhanced 

performance and prolonged storage stability [35]. 

 

6.3 Adsorption-Controlled Release from Solid Dosage 

Forms 

Adsorption is an important mechanism in 

controlled-releasing preparations controlling drug 

release kinetics. Drug molecules adsorbed on carrier 

surfaces are desorbed and released by the combined 

effects of desorption and diffusion, which can be 

controlled via surface chemistry, porosity or 

morphology of carriers [36]. Such models that describe 

adsorption-mediated release, furnish quantitative 

methods for predicting the behavior of formulations and 

optimizing therapeutic efficiency [37]. These models 

mostly take into account physicochemical parameters 

such as adsorption affinity and diffusion coefficients to 

predict the release behavior of a drug, shown in Figure 5. 

 

 
Figure 5: Conceptual illustration of drug–excipient interactions and adsorption-controlled drug release in solid dosage forms, 

highlighting the role of adsorption in pharmaceutical formulation design (authors’ illustration). 

 

7. Adsorption-Based Drug Delivery Systems  

Adsorption based drug delivery systems are 

becoming effective means of controlling the load, release 

and targeting of drugs through physicochemical 

interactions on their surface. From the point of view of 

physical chemistry, such systems depend on a delicate 

balance between adsorption affinity and desorption 

kinetics to control drug delivery to the action site [38]. 

 

 

 

7.1 Adsorption on Porous and Nanostructured 

Carriers 

Porous carriers (e.g., mesoporous silica, 

activated carbon, or polymeric matrices) offer high 

surface areas that significantly improve the drug 

absorption capacity [39]. The physicochemical 

characteristics of these carriers like pore-size 

distribution, surface functional groups, and surface 

energy play an important role in the adsorption behaviour 

and drug loading efficiency [40]. In mesoporous silica, 

drug molecule adsorption into specifically ordered pores 

is driven by electrostatic and hydrogen bonds as well. 

Localization of the drug molecule within nanometer-

sized pores limits molecular mobility and thereby 

achieves long-term controlled release rates [41]. 
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Adsorption in several of these systems can be described 

well by Langmuir-type isotherms, suggesting monolayer 

adsorption along the walls of the pores [42]. 

 

7.2 Adsorption-Controlled Release Mechanisms 

In adsorption-controlled delivery systems, the 

release of drugs is regulated by the desorption-diffusion 

interface. Physiochemically, the rate of discharge is 

governed by affinity between drug & surface and 

availability of adsorption sites [43]. The stronger 

adsorption interactions tend to offer sustained drug 

release, while the weaker ones can result in faster drug 

discharge. Theoretical models coupling adsorption with 

diffusion are widely used to predict the drug release from 

porous carriers [44]. These models are quantitative tools 

to optimize the formulation parameters and to obtain 

targeted drug release profile. 

 

7.3 Surface-Modified Carriers and Targeted Delivery 

Surface Functionalization of Drug Carriers An 

effective strategy for tailoring adsorption interactions is 

surface modification of drug carriers. Surface 

modification of these NPs with charged, hydrophilic or 

bioactive groups changes the surface affinity to drug 

molecules and biological interface which allows 

selective absorption and targeted delivery [45,  46]. The 

differential accumulation of drug at specific vs. 

nonspecific sites through these adsorption-based 

targeting strategies emphasizes the significance of 

adsorption principles in designing intelligent advanced 

DDS [47]. 

 

8. Therapeutic and Environmental Implications  

Adsorption has therapeutic and environmental 

implications that transcend those of formulation and 

delivery. In drug therapy, controlled adsorption 

dominates drug bioavailability, release pattern and 

safety, which may facilitate prolonged therapeutic 

effectiveness and enhanced patient compliance [48]. 

From an environmental perspective, adsorption will 

affect the fate, transport and persistence of 

pharmaceuticals in soil and aquatic ecosystems. 

Therefore, adsorption-based and nanotechnology-

assisted delivery systems would provide an approach to 

improve therapeutic effectiveness as well as 

environmental burden in terms of controlled release of 

the drugs and reduced dosage [49,  50]. 

 

9. Challenges and Future Directions 

Although many achievements have been made 

to develop adsorption-based pharmaceutical delivery 

systems, it is increasingly challenging to handle surface 

heterogeneity, biological complexity and competitive 

adsorption in the actual application environment. The 

gulf between lab-scale experiments and biological 

settings must be closed through combined experiments 

and state-of-the-art physicochemical models. New 

emerging trends are related to multiscale modelling and 

smart carrier systems able to modulate, in an on-off 

mode, the adsorption process according to environmental 

or biological stimulus [51, 52]. 

 

10. CONCLUSION  
Adsorption, as an important physicochemical 

phenomenon, plays a crucial role in the drug behavior 

on material and biological interfaces. Surface properties, 

adsorption affinity, and the competition between 

thermodynamic and kinematic factors essentially 

determine the drug loading/release kinetics and 

interfacial interaction. In the light of complexity of 

pharmaceutical systems, selection of proper adsorption 

models is critical and should consider surface 

heterogeneity, carrier architecture, as well as drug 

physicochemical characteristics. One an uncontrolled 

adsorption can damage bioavailability and therapeutic 

efficacy, while controlled the other sustained release of 

the formulation. In total, combined adsorption will 

gradually provide a rational approach for designing new 

and advanced drug delivery systems. 

 

REFERENCES 
1. Panwar, R., Mishra, A., Sahu, A., Quadri, S. N., 

Abdin, M. Z., & Fatima, S. (2026). Implementing 

QbD for Nano-Pharmaceuticals and Complex 

Formulations to Achieve Predictable and High-

Quality Outcomes. AAPS PharmSciTech, 27(1), 71. 

2. Alalaf, S. A., & Shihab, S. (2025). Evaluating the 

environmental and hygienic impacts of veterinary 

pharmaceuticals: Investigating risks and solutions 

(Review). NTU Journal of Agricultural and 

Veterinary Sciences, 5(3). 

3. Gonciarz, A., Pich, R., Bogdanowicz, K. A., 

Pellowski, W., Miedziak, J., Lalik, S., et al. (2025). 

Review of current achievements in dendrimers and 

nanomaterials for potential detection and 

remediation of chemical, biological, radiological 

and nuclear contamination—Integration with 

artificial intelligence and remote sensing 

technologies. Nanomaterials, 15(18), 1395. 

4. Qazafi, S., Mazhar, D., Nayab, D. E., Ali, H., Khan, 

S., & Khan, S. A. (2025). Nanocarrier-based 

approach: Solid lipid nanoparticles for the enhanced 

bioavailability of febuxostat. BioNanoScience, 

15(2), 1–18. 

5. Singh, D., Singh, S., & Tandon, N. (2025). From 

bench to bedside: Role of digital twins in 

nanocarrier pharmacokinetics and biodistribution. 

Nano LIFE, 25, 30012. 

6. Al-Ghouti, M. A., & Da’ana, D. A. (2020). 

Guidelines for adsorption isotherm models. Journal 

of Hazardous Materials, 393, 122383. 

7. Benkő, T., Kállai-Szücs, N., & Pintye-Hódi, K. 

(2025). Mesoporous silica nanoparticles as drug 

delivery systems. Pharmaceutics, 18(9), 1392. 

8. Bai, M., Wang, X., Ji, Y., Ou, Y., Chai, Y., Wang, 

X., et al. (2026). Leveraging cross-cutting 

technologies to unravel light–heat–water 

interactions at solar evaporation interfaces: 



 
 

Ayad Jirjees Dhulkefl et al, Sch Acad J Pharm, Feb, 2026; 15(2): 42-49 

© 2026 Scholars Academic Journal of Pharmacy | Published by SAS Publishers, India                                                                                          48 

 

 

Propelling the low-carbon water–energy nexus. 

Advanced Materials, 38(3), e16043. 

9. Rajendran, D., & Chandrasekaran, N. (2026). 

Understanding the kinetics and isotherm models of 

adsorption reactions of micronanoplastics in the 

environment. In Micronanoplastics: From source to 

sink (pp. 291–319). Elsevier, Amsterdam. 

10. Bae, H., Ji, H., Konstantinov, K., Sluyter, R., Ariga, 

K., Kim, Y. H., & Kim, J. H. (2025). Artificial 

intelligence-driven nanoarchitectonics for smart 

targeted drug delivery. Advanced Materials, 37(42), 

e10239. 

11. Li, F., Xiu, Y., Wang, A., Zhang, Y., Zhang, X., 

Gao, S., et al. (2025). Environmentally friendly 

sustained-release antifungal cyclodextrin inclusion 

complex nanofibers for controlling fungi. Langmuir, 

41(9), 6345–6352. 

12. Zou, G., Zou, N., Tan, Y., Xiao, H., Cheng, Q., Liu, 

Z., et al. (2025). Impact of hydrodynamic conditions 

on ofloxacin adsorption by microplastics: Roles of 

turbulence and equilibrium capacity. Environmental 

Science: Processes & Impacts, 27(12), 3875–3889. 

13. Ogbeh, G. O., Ogunlela, A. O., Akinbile, C. O., & 

Iwar, R. T. (2025). Adsorption of organic 

micropollutants in water: A review of advances in 

modelling, mechanisms, adsorbents, and their 

characteristics. Environmental Engineering 

Research, 30(2). 

14. Alsharif, M. A. (2025). Understanding adsorption: 

Theories, techniques, and applications. In 

Adsorption—Fundamental mechanisms and 

applications. IntechOpen, London. 

15. Huang, Y. T., & Shih, M. C. (2025). Kinetic, 

isotherm, and thermodynamic modeling of 

methylene blue adsorption using natural rice husk: 

A sustainable approach. Separations, 12(8), 189. 

16. Guan, H., Sun, H., & Zhao, X. (2025). Application 

of density functional theory to molecular 

engineering of pharmaceutical formulations. 

International Journal of Molecular Sciences, 26(7), 

3262. 

17. Lu, P., Wu, R., Xu, G., & Zhang, B. (2025). Efficient 

nicotine separation from tobacco extract using a 

cellulose-based high-surface-area adsorbent. 

Colloids and Surfaces A: Physicochemical and 

Engineering Aspects, 138783. 

18. de Freitas, W. S., Jacome, R. C., Rocha, I. R. F., da 

Costa, F. D. A. F., Gonçalves, L. R. B., & Adriano, 

W. S. (2025). Kinetic and diffusional modeling of 

isoniazid adsorption onto biopolymer beads for 

organic-solvent-based separation. Biochemical 

Engineering Journal, 109981. 

19. Thakkar, H., Vaswani, K., & Thakore, S. (2025). 

Bifunctional composite films embedded with plastic 

waste-derived carbon quantum dots for synergistic 

uranium detection and enrichment. ACS Applied 

Nano Materials. 

20. Khalbas, A. H., Albayati, T. M., Ali, N. S., & Salih, 

I. K. (2024). Drug loading methods and kinetic 

release models using mesoporous silica 

nanoparticles as a drug delivery system: A review. 

South African Journal of Chemical Engineering, 

50(1), 261–280. 

21. Saeed, L., & Fischer, M. (2025). Mechanistic 

insights into 5-fluorouracil adsorption on 

clinoptilolite surfaces: Optimizing DFT parameters 

for natural zeolites, part II. Applied Sciences, 15(17), 

9535. 

22. Deshmukh, R., Sethi, P., Singh, B., Shiekmydeen, 

J., Salave, S., Patel, R. J., et al. (2024). Recent 

review on biological barriers and host–material 

interfaces in precision drug delivery. 

Pharmaceutics, 16(8), 1076. 

23. Bhatt, P., Kumar, V., Subramaniyan, V., Nagarajan, 

K., Sekar, M., Chinni, S. V., & Ramachawolran, G. 

(2023). Plasma modification techniques for natural 

polymer-based drug delivery systems. 

Pharmaceutics, 15(8), 2066. 

24. Zhang, Y., Lin, X., Wang, Y., Ye, W., Lin, Y., 

Zhang, Y., et al. (2025). The non-covalent and 

covalent interactions of whey proteins and 

saccharides. Critical Reviews in Food Science and 

Nutrition, 65(20), 3896–3910. 

25. Stielow, M., Witczyńska, A., Kubryń, N., 

Fijałkowski, Ł., Nowaczyk, J., & Nowaczyk, A. 

(2023). The bioavailability of drugs—the current 

state of knowledge. Molecules, 28(24), 8038. 

26. Yeduvaka, M., Mittal, P., Boyalakuntla, A., Shaik, 

U. B., Sharma, H., Singh, T. G., et al. (2026). From 

shield to spear: Charge-reversible nanocarriers in 

overcoming cancer therapy barriers. Beilstein 

Journal of Nanotechnology, 17(1), 159–175. 

27. Lingamgunta, S., Yadav, C., Orthodoxou, A., 

Gilmour, L., Ellis, M., Metzger, H., et al. (2026). 

Hollow-core polydopamine nanocarriers for 

ultrasound-enhanced drug delivery. Nanoscale 

Horizons, 11(1), 211–224. 

28. Yang, C. (2024). Protein corona formation on 

nanoparticles with different surface chemistry 

(Doctoral dissertation). Staats- und 

Universitätsbibliothek Hamburg Carl von 

Ossietzky, Hamburg. 

29. Pistonesi, D. B., Fernández-Leyes, M. D., Ritacco, 

H., Rivero, P. S., Sica, M. G., Benedini, L. A., et al. 

(2025). Lipid membrane-selective interactions 

driven by nanosilver anisotropy. Langmuir, 41(32), 

21509–21524. 

30. Ullah, S., Rahim, F., Ahmad, N., & Zahra, Q. U. A. 

(2025). Functional biomaterials used for cell 

membrane engineering and their functional aspects. 

In Cell membrane engineering for advancing cell-

based and nanotechnology-based therapies (pp. 

123–152). Springer Nature Switzerland, Cham. 

31. Qelliny, M. R., Mustafa, W. W., Fatease, A. A., 

Alamri, A. H., Alany, R., & Abdelkader, H. (2025). 

Biofunctional excipients and their emerging role in 

overcoming poor biopharmaceutical characteristics 

of drugs. Pharmaceutics, 17(5), 598. 

32. Helegah, F., Tulashie, S. K., Nyaku, P. K., Benkyi, 

I., Baidoo, E. B., Alale, E. M., et al. (2025). Recent 



 
 

Ayad Jirjees Dhulkefl et al, Sch Acad J Pharm, Feb, 2026; 15(2): 42-49 

© 2026 Scholars Academic Journal of Pharmacy | Published by SAS Publishers, India                                                                                          49 

 

 

advances in pharmaceutical binders. International 

Journal of Polymeric Materials and Polymeric 

Biomaterials, 1–26. 

33. Dadge, S. D., Mishra, S., Khan, S., Yadav, S., 

Bhatta, R. S., & Gayen, J. R. (2025). Oral peptide 

delivery reimagined. International Journal of 

Peptide Research and Therapeutics, 31(6), 101. 

34. Ghosh, A. (2025). Mechanistic insights into 

amorphous solid dispersions. Pharmaceutical 

Research, 1–23. 

35. Nguyễn, T. T. K. (2024). Stabilization and delivery 

of therapeutic proteins in the solid state. 

36. Masoero, A., Conte, M., Percivalle, N. M., Pascucci, 

E., Savino, G., Vighetto, V., et al. (2026). Designing 

drug delivery systems: The impact of structural 

order and disorder. Nanomedicine, 1–32. 

37. Arghavani, P., Daneshgar, H., Sojdeh, S., Edrisi, M., 

Moosavi-Movahedi, A. A., & Rabiee, N. (2025). 

Porous materials for early diagnosis of 

neurodegenerative diseases. Advanced Healthcare 

Materials, 2404685. 

38. Batheja, S., Pallem, K. L. S., & Gupta, U. (2026). 

Surface engineering of drug carriers. In 

Functionalized drug delivery systems (pp. 25–60). 

Academic Press, London. 

39. Osman, A. I., Ayati, A., Farghali, M., Krivoshapkin, 

P., Tanhaei, B., Karimi-Maleh, H., et al. (2024). 

Advanced adsorbents for ibuprofen removal from 

aquatic environments. Environmental Chemistry 

Letters, 22(1), 373–418. 

40. Cai, X., Jin, M., Yao, L., He, B., Ahmed, S., Safdar, 

W., et al. (2023). Physicochemical properties, 

pharmacokinetics, toxicology and application of 

nanocarriers. Journal of Materials Chemistry B, 

11(4), 716–733. 

41. Sun, L., Sun, J., Tong, M., Zhao, Y., & Gu, X. 

(2026). Confined polymerization: Multidimensional 

regulation, advanced measurements and cutting-

edge applications. Materials Horizons, 13(1), 45–

66. 

42. Al Dabbagh, A. G. (2022). Nanotechnology: The 

science of present and future. NTU Journal of Pure 

Sciences, 1(3), 32–39. 

43. Godiya, C. B., & Leiviskä, T. (2025). Wood-derived 

adsorbents for the removal of pharmaceutical 

contamination from wastewater. Environmental 

Chemistry Letters, 1–31. 

44. Alshahrani, S. M., Alotaibi, H. F., & Begum, M. Y. 

(2024). Computational analysis of controlled drug 

release from porous polymeric carriers. Scientific 

Reports, 14(1), 28422. 

45. Khude, H., & Shende, P. (2026). Structurally 

modified cyclodextrins in topical nanotechnology: 

Advancing barrier-penetrating drug delivery 

strategies for psoriasis management. AAPS 

Pharmaceutical Science and Technology, 27(2), 84. 

46. Abdelkawi, A., Slim, A., Zinoune, Z., & Pathak, Y. 

(2023). Surface modification of metallic 

nanoparticles for targeting drugs. Coatings, 13(9), 

1660. 

47. Xu, Y., Fourniols, T., Labrak, Y., Préat, V., Beloqui, 

A., & des Rieux, A. (2022). Surface modification of 

lipid-based nanoparticles. ACS Nano, 16(5), 7168–

7196. 

48. Wong, K. Y., Nie, Z., Wong, M. S., Wang, Y., & 

Liu, J. (2024). Metal–drug coordination 

nanoparticles and hydrogels for enhanced delivery. 

Advanced Materials, 36(26), 2404053. 

49. Sabiha, M., Kerroum, Y., El Hawary, M., Boudalia, 

M., Bellaouchou, A., Hammani, O., & Amin, H. M. 

(2025). Adsorption and corrosion protection 

efficacy of marjoram extract. Molecules, 30(2), 272. 

50. Habimana, E., & Sauvé, S. (2025). Properties, 

occurrence, fate, and transport of contaminants of 

emerging concern. Frontiers in Environmental 

Chemistry, 6, 1547596. 

51. Parvin, N., Aslam, M., Alam, M. N., & Mandal, T. 

K. (2025). Nanotechnology-driven innovations in 

modern pharmaceutics. Nanomaterials, 15(22), 

1733. 

52. Tang, Z., Shen, S., Gu, C., Li, S., Ni, J., Yang, D., & 

Mi, Y. (2026). Precision diagnosis and treatment of 

prostate cancer based on multifunctional 

nanocarriers. International Journal of 

Nanomedicine, 1–27.

 


