
RESEARCH PAPER 

 IJDDT Volume 16 Issue 76s 2026 Page: 1248 

Nano-Co-crystals: Engineering Precision Drug Delivery through 
Hybrid Crystal Nanotechnology 

Nitin B. Kohale1, Mayur S. Tekade1*, Gajanan M. Jawalkar1, Akash S. Jumble1, 
Amitkumar P. Bodkhe1, Umesh R. Bansod1, Harigopal S. Sawarkar1 

1Dr. Rajendra Gode College of Pharmacy, Amravati, Affiliated to Dr. Babasaheb Ambedkar Technological 
University, Lonere, Raigad, Maharashtra, India 
*Corresponding Author- Mayur Sanjay Tekade 

Email Id- mayurtekade99@gmail.com / 8830278246 
Dr. Rajendra Gode College of Pharmacy, Amravati, Affiliated to Dr. Babasaheb Ambedkar Technological 

University, Lonere, Raigad, Maharashtra, India 
 

Abstract 

 
Nano-co-crystals have become a revolutionary pharmaceutical platform that combines the advantages of crystal 
engineering and nanotechnology to overcome the limitations of traditional drug delivery methods. Nano-co-crystals 
are formed by the combination of active pharmaceutical ingredients (APIs) with pharmaceutically acceptable co-
formers in nano-scale crystalline architectures. These nano-co-crystals significantly improve the solubility, 
dissolution rate, bioavailability, physicochemical stability, and therapeutic performance of poorly water-soluble 
drugs. In recent years, surface functionalization, ligand-mediated targeting, stimuli-responsive behavior and 
incorporation with multifunctional nano-carriers have been developed to improve biopharmaceutical properties and 
hold promise as precision systems for drug delivery. These advances enable site-specific drug accumulation, 
controlled release and reduced systemic toxicity, expanding their application in cancer therapy, infectious diseases, 
Disorders of the central nervous system and other chronic diseases. This review covers the fundamental concepts 
associated with pharmaceutical nano-co-crystals, such as crystal engineering strategies, co-former selection, 
preparation methods, physicochemical characterization, and mechanisms of enhanced therapeutic efficacy. The 
latest developments in quality-by-design (QbD) techniques, continuous manufacturing, and computational crystal 
engineering and AI-assisted formulation design are critically reviewed as new tools to accelerate the development of 
nano-co-crystals. This review additionally emphasizes the combination of nano-co-crystals with advanced drug 
delivery technologies such as polymeric nanoparticles, liposomes, hydrogels and stimuli-responsive systems for 
precision therapies. There is also discussion of current regulatory issues, challenges in scaling up, intellectual 
property issues and barriers to clinical translation. Finally we discuss prospective directions for next generation 
hybrid crystal nanotechnology, multifunctional nano-co-crystal platforms and personalized healthcare. Nano-co-
crystals close the gap between crystal engineering and state-of-the-art nanomedicine, enabling safer, more effective 
and targeted pharmaceutical treatments. 
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1. Introduction 

The clinical motivation for specific drug delivery 
mechanisms is to deliver therapeutic agents directly 
to diseased tissue without compromising healthy 
biological environments.[1-2] Traditional 
pharmacological treatments often suffer from low 
solubility, fast systemic clearance and non-specific 
biodistribution, leading to less effective therapeutic 
outcomes and serious side effects.[3] 
Nanotechnology has become a revolutionary 
approach that enables manipulation of materials at 

nanometer level to significantly improve the 
physicochemical properties and targeting abilities of 
pharmaceutical drugs.[4] Nano-cocrystals are a 
particularly interesting class of hybrid 
nanomaterials.[5] Such structures, based on the 
nanoscale combination of an active pharmaceutical 
ingredient with a stoichiometrically appropriate co-
former, provide excellent flexibility in terms of 
dissolution rate, structural stability and payload 
capacity.[6] However, the reliable delivery of these 
nanococrystals to their desired biological targets, as 
well as the release of their contents in an optimal 
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kinetic manner, remains a significant engineering 
challenge.[7] 
 
Despite the rapid progress in nanomedicine, there are 
still shortcomings in current targeted drug delivery 
strategies for several important reasons.[8-9] First, 
traditional strategies for the preparation of many 
functional nanomaterials usually demand harsh 
chemicals and hazardous reaction conditions, which 
can pose a serious threat to the health of patients and 
the environment at large.[10] Second, conventional 
platforms, such as drug-eluting stents or static 
microcapsules, generally lack the dynamic ability to 
adjust drug dosages or release kinetics in response to 
the real-time evolving status of diseased tissue.[11]  
Further, the manipulation of the motion of nanoscale 
drug carriers in dense biological fluids presents a 
major obstacle as diffusion limitations tend to 
decrease the overall efficiency of the delivery 
system.[12]  

1.1. Controlled Release Systems and Kinetic 
Limitations 

Dendrimers, gold nanoparticles, and customized 
microcapsules are just a few of the nanostructures 
that have been investigated in the quest for regulated 
therapeutic release.[13] For example, problems like 
in-stent restenosis often affect the long-term 
effectiveness of medical interventions like coronary 
stents.[14] This has led to the development of nano-
assembled microcapsules loaded with functional 
nanoparticles to avoid negative biological events.[15] 
The goal of these systems is to stabilize 
pharmaceutical substances and offer a consistent 
release over a long time.[16] Additionally, there is 
growing interest in bacterial nanocellulose (BNC) as 
a very efficient carrier system. The usefulness of 
polymer-coated BNC fleeces as diffusion barriers for 
regulated medication release has been demonstrated 
by physics-based models.[17] These platforms often 
rely on static release profiles that are unable to adjust 
to the changing needs of the target tissue, although 
showing significant advantages over bare-metal or 
purely systemic approaches.[18-19] 
 
Furthermore, these delivery platforms have intrinsic 
physical limitations that restrict their efficacy when 
depending on certain ligand-receptor interactions for 
cellular targeting.[20] The degree of cooperative 
binding is kinetically limited, according to theoretical 
and in vitro research on nano-complexes, such as 
dendrimers conjugated with folic acid to target 
overexpressed cancer receptors.[21] It's interesting to 
note that research suggests that weakening rather than 
strengthening individual connections can boost 
selectivity to specific cell types. Our suggested nano-

co-crystal strategy aims to actively utilize these 
kinetic constraints in contrast to these other 
investigations. [22] We sought to create customizable 
binding affinities that maximize the residency period 
at the target cell membrane while averting premature 
systemic breakdown by carefully manipulating the 
co-former matrix of the crystal. [23-25] 

1.2. Molecular Communication and Nano 
networks 

Recently, molecular communication (MC) has 
become a revolutionary paradigm for intra-body drug 
delivery network modeling and engineering. [26] 
This conceptual framework models the biological 
environment as a probabilistic communication 
channel, treats drug carriers as transmitters, and uses 
sick cells as receivers. Researchers have suggested 
improved MC systems using localization-enabled 
relay networks, in which nano-controllers broadcast 
signals to ascertain the spatial clustering of drug-
loaded nanomachines in relation to infected tissues, 
in order to solve the unreliability of solely diffusive 
transport. [27-28] Adopting cooperative quorum 
sensing, a density-dependent bacterial mechanism is 
another creative strategy.[29] In this method, drug 
release is only triggered by synthetic bacterium-based 
nano-machines when a particular molecular 
concentration threshold is reached. The goal of these 
extremely complex systems is to separate the drug 
absorption rate from the carrier's erratic mobility. 
[30] 
 
Although mobile molecular communication 
frameworks are excellent at anticipating the channel 
impulse response and reducing the total amount of 
released drugs needed to attain a desired absorption 
rate, their implementation with conventional 
amorphous drugs is infamously challenging because 
of chemical instability during transit. [31] Our work 
expands the MC paradigm by using very stable nano-
co-crystals in place of traditional fluidic or 
amorphous drug payloads. This hybrid nanomaterials 
strong crystalline lattice prevents the signaling 
molecules from breaking down too soon in the time-
varying biological channel. [32] Our method offers a 
significantly more robust physical payload for 
advanced intra-body nanonetworks by connecting 
cooperative communication algorithms with solid-
state hybrid crystal nanotechnology. [33] 

1.3. Physical Actuation and BioMEMS 
Engineering 

Physical actuation of drug delivery devices is a 
unique and important area of related study that goes 
beyond biochemical targeting and probabilistic 
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communication. [34] The development of 
mechanically active delivery platforms has been 
made possible by additive manufacturing and bio-
microelectromechanical systems (BioMEMS).[35] 
Recent developments include, for instance, 3D-
printed tumbling microrobots that are 
stereolithographically constructed and equipped with 
permanent micro-magnets that can be activated by 
rotating magnetic fields in physiological contexts. 
Simultaneously, pulsatile drug delivery devices that 
can produce and steer small drug droplets with great 
volumetric precision have been designed using 
electrohydrodynamic (EHD) production techniques. 
[36-37] Clinicians or automated systems can 
physically guide the therapy to the exact anatomical 
site thanks to these physical mechanisms, which 
provide unmatched spatial control over the delivery 
device. [38] 
 
These physical actuation techniques have significant 
drawbacks despite their exceptional spatial precision. 
[39] Deep-tissue targeting in ambulatory individuals 
may not always be possible with magnetic 
microrobots since they sometimes require 
complicated, large external magnetic field 
generators.8 In a similar vein, EHD systems require 
the application of large external voltages, which may 
raise issues with electrochemical safety or localized 
heating in vivo. [40] These approaches are 
incorporated into our suggested architecture as 
additional nano-co-crystal delivery methods rather 
than as stand-alone solutions. We can drastically 
shorten the required actuation time by incorporating 
nano-co-crystals into electro-hydro-dynamically 
produced droplets or magnetically operated 
polymeric micro robots. [41] Drug efficacy is 
maintained during the high-stress physical 
deployment stages by the intrinsic structural stability 
of the nano-co-crystals, combining enhanced material 
resilience with mechanical accuracy. [42] 

 

Figure1. Molecular Communication and BioMEMS 
Engineering 

2. Method &Approach 

2.1. Structured Framework for Nano-Co-crystal 
Delivery 

Nano-co-crystal based drug delivery systems have 
received considerable attention as potential platforms 
for precision medicine due to their ability to improve 
drug solubility, targeted delivery and controlled 
therapeutic release. [43] Recent studies have shown 
multi-layered delivery designs that control the 
complete life cycle of nano-co-crystals, including 
their green production and targeted drug release. 
These combined systems combine advanced delivery 
methods with sustainable manufacturing practices to 
enhance treatment effectiveness and decrease 
systemic toxicity. [44] 
 
Green nanotechnology has become a favored 
approach for creating hybrid nano-co-crystals since it 
removes the requirement for harmful chemicals and 
energy-demanding procedures. Bioreduction 
techniques that are plant-mediated and microbe-
mediated employ naturally sourced phytochemicals 
and microbial byproducts as reducing and stabilizing 
agents, creating biocompatible nanostructures with 
limited environmental effects. In contrast to 
traditional physical and chemical synthesis 
techniques, these biological methods provide better 
sustainability, reduced toxicity, and greater 
compatibility with biological systems. [45] As a 
result, eco-friendly synthesized nano-co-crystals are 
being increasingly researched for pharmaceutical 
uses because of their advantageous safety 
characteristics and environmentally safe 
manufacturing. After synthesis, stabilizing nano-co-
crystals is essential for preserving structural integrity 
throughout systemic circulation. [46-47]Various 
encapsulation strategies, including nano-assembled 
microcapsules, polymeric coatings, liposomes, 
hydrogels, and biodegradable nanocarriers, have been 
investigated to protect nano-co-crystals from 
premature dissolution and degradation. [48] Similar 
diffusion-barrier concepts have also been reported in 
bacterial nanocellulose-based drug delivery systems, 
where encapsulation matrices regulate drug transport 
while preserving the stability of the encapsulated 
therapeutic agents. [49] 
 
Advanced nano-co-crystal delivery technologies need 
regulated drug release and targeted transport. Modern 
approaches involve the combination of passive 
targeting with active navigation employing ligand-
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functionalized carriers, magnetic guidance or stimuli-
responsive materials for targeted accumulation at 
diseased tissues. [50] Furthermore, computational 
and mathematical models are increasingly employed 
to predict and optimize release kinetics. 
Mathematical frameworks based on nonlinear 
dynamic models, diffusion-controlled transport and 
control theory such as sliding-mode control concepts 
have been explored to mimic nanoscale drug delivery 
and control therapeutic release under pre-determined 
physiological conditions. Many of these 
computational methods are still theoretical, but they 
demonstrate the growing convergence of systems 
engineering, mathematical modeling and 
nanomedicine for the precise control of drug 
delivery. [51] Many of these computational methods 
are still theoretical, but show the increasing 
integration of systems engineering, mathematical 
modeling and nanomedicine to control drug delivery 
with precision. Recent progress suggests that 
combining green synthesis, protective encapsulation, 
targeted navigation and mathematically guided 
release techniques is a critical approach in the 
development of next generation nano-co-crystal 
delivery systems. [52]  Further progress in 
pharmaceutical nanotechnology, computational 
modeling, and materials science is expected to 
improve the therapeutic efficacy, safety, and clinical 
applicability of nano-co-crystal-based precision 
medicine. [53] 
 

 

Figure2. Structured Framework for Nano-Co-crystal 
Delivery 

 

3. General Workflow of Nano-Co-crystal-Based 
Drug Delivery Systems 

Recent advances in nano-co-crystal drug delivery 
have resulted in integrated workflows with green 
synthesis, encapsulation, targeted navigation, and 
drug release control. Although each distribution 
platform has a different unique design, the literature 
identifies a generic implementation sequence. [54] 

3.1. Green Synthesis and Nano-Co-crystal 
Formation 

In the first step, eco-friendly methods are employed 
to synthesize the nano co-crystals. Green synthesis 
approaches employ plant extracts, microbial 
metabolites, or other biological reducing and 
stabilizing agents to self-assemble active medicinal 
ingredients with suitable co-formers into stable nano-
co-crystal lattices. The methods get rid of the need 
for dangerous chemical reagents and improve 
biocompatibility, lower environmental impact and 
control particle size. [55] 

3.2. Encapsulation and Carrier Integration 

Nano-co-crystals are often added to protective carrier 
systems after manufacturing in order to increase 
stability in circulation and to increase the 
effectiveness of medication administration. Various 
encapsulation techniques have been studied, 
including polymeric nanoparticles, liposomes, 
hydrogels, nano-assembled microcapsules, 
electrohydrodynamically produced microdroplets, 
and stimuli-responsive carrier matrices. Recent 
studies have also investigated advanced delivery 
platforms, such as magnetically controlled 
microrobots and three-dimensional (3D)-printed 
microcarriers, to improve tissue penetration and site-
specific delivery of drugs. [56] 

3.3. Targeted Navigation and Molecular 
Communication 

A key goal in precision medicine is to achieve 
targeted localization of nano-cocrystal carriers to 
diseased tissues. [57] Recently, molecular 
communication and nanonetwork-based approaches 
have been investigated, where carriers can estimate 
the proximity to target tissues via transmitting 
signals, relaying, and using localization algorithms. 
Such communication strategies seek to improve 
targeting accuracy, with low nonspecific distribution 
and systemic exposure. [58]  

3.4. Stimuli-Responsive and Cooperative Drug 
Release 

Stimulus-responsive drug release is generally 
triggered by specific physiological or pathological 
signals, such as pH, enzyme concentration, 
temperature, redox potential, or biomolecular signals 
in the target microenvironment. Motivated by 
naturally-occurring quorum sensing mechanisms, 
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several conceptual and computational studies have 
proposed cooperative release strategies, where 
therapeutic activation is only triggered once certain 
environmental or carrier-density thresholds are 
exceeded. The approaches aim to improve the 
specificity of drug release and to reduce premature 
drug leakage and off-target effects. [59-60] 

Overall, the literature suggests that modern nano-co-
crystal delivery systems adopt a modular design 
philosophy, allowing different carrier platforms, 
targeting mechanisms, and release strategies to be 
combined according to therapeutic requirements. 
This flexibility enables the integration of 
conventional nanocarriers, bacterial nanocellulose-
based systems, microrobotic platforms, and 
mathematically controlled release models within a 
unified precision medicine framework. By 
maintaining the stability of nano-co-crystals during 
circulation and activating drug release only under 
appropriate biological conditions, these integrated 
delivery strategies have the potential to improve 
therapeutic efficacy while minimizing systemic 
toxicity.[60] 

 

Figure3. Structured Framework for Nano-Co-crystal 
Delivery 

4. Hypothetical Evaluation Plan 

 
In order to prove the effectiveness of the proposed 
nano-co-crystal framework, we have developed a 
detailed but hypothetical evaluation plan. We present 
an in vivo simulation that benchmarks our hybrid 
system against conventional drug eluting platforms 
and freely diffusing amorphous nanoparticles. The 
hypothetical dataset will mimic an atherosclerotic 
arterial wall environment, to test the system’s ability 
to navigate the high shear fluid dynamics and 
penetrate the endothelial layers. We will monitor the 
cumulative channel impulse response to evaluate the 
performance of the nano-co-crystals in overcoming 
the time-variant absorption rates due to the mobility 
of carriers. Performance metrics include target 

accumulation percentage, time to therapeutic 
concentration and exact reduction in collateral 
molecular distribution. [59] 
 
In addition, a quantitative assessment of the kinetic 
binding limitations will be carried out. We will vary, 
in silico, the strength of ligand-receptor binding on 
the surface of the nano-co-crystals to empirically 
confirm the theoretical claim that weaker individual 
bonds may lead to improved cell specificity via co-
operativity. The detailed pharmacodynamics readouts 
across the various bond strengths to be obtained in 
the evaluation plan will clearly demonstrate if the 
theoretically optimized nano-co-crystals will indeed 
outperform traditional delivery methods. We plan to 
show the clinical significance of the hybrid crystal 
methodology by quantifying the reduction of total 
drug consumption levels required to obtain 
therapeutic efficacy via rigorous nonlinear control 
simulation. [60] 

5. Discussion 

5.1. Practical Implications 

The integration of nano-co-crystals in advanced 
targeted drug delivery systems has far-reaching 
practical implications for the future of personalized 
medicine. Highly engineered hybrid crystals can 
allow pharmaceutical developers to extend the shelf-
life and in-vivo stability of sensitive therapeutics, 
moving away from standard amorphous drug 
formulations. This is especially important in the 
treatment of chronic diseases such as coronary artery 
disease, where the long-term efficacy of current drug-
eluting stents is often compromised by adverse 
physiological responses. A dynamic system of robust 
nano-co-crystals could modulate the localized drug 
dose according to the exact diseased condition of the 
involved vessel, directly abating the spectrum of 
events resulting in late stent thrombosis or restenosis. 
Consequently, patients would require fewer invasive 
surgical interventions over their lifetimes, vastly 
improving overall clinical outcomes. [61] 
 
Moreover, the application of mathematical models to 
define controlled release kinetics translates 
theoretical robustness into practical medical 
protocols. The ability to minimize the total amount of 
released drugs while strictly guaranteeing a desired 
rate of drug absorption allows the use of highly 
potent, highly toxic chemotherapeutic agents which 
would otherwise be unsafe for systemic 
administration. This points to a future clinical setting 
where oncologists and nanotechnologists collaborate 
to program specific physical and mathematical 
parameters into a patient’s treatment regimen. The 
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result is a paradigm shift whereby the drug is not 
simply a passive chemical agent, but an active, 
communicative part of a larger biomechanical 
system.[62-63] 

5.2. Limitations and Failure Modes 

 
Despite the strong theoretical foundation of this 
proposed methodology, several technical limitations 
and potential failure modes must be explicitly 
addressed. 
 
5.2.1. First, the degree of cooperative binding needed 
for high target specificity is constrained by local 
kinetic constraints. If the surface receptors on the 
biological target are expressed irregularly or 
dynamically, the mathematically optimized nano-co-
crystals may not be retained on the cell membrane for 
a sufficient time, which leads to premature clearance.  
5.2.2. Secondly, the use of molecular communication 
and nano networks makes them vulnerable to the 
deterioration of signals. The intra-body molecular 
channel has a high probability of obstruction and a 
complex turbulent flow dynamic, which can easily 
disturb the localization signals. In this case, the 
quorum sensing mechanism might not be activated 
and the therapeutic payload will be excreted without 
releasing the active drug.  
5.2.3. Third, physical actuation approaches such as 
stereo lithography printed micro-robots or EHD 
droplet generation are limited by stringent 
operational constraints. High-voltage EHD systems 
and rotating magnetic field actuators demand 
complex external hardware that limits patient 
mobility. In addition, the geometric constraints of 
applying such external forces deep within complex 
tissue architectures can be prohibitive, limiting the 
application of actuated nano-co-crystals to superficial 
or highly accessible vascular environments. [64] 

 

5.3. Ethical Considerations and Risks 

 
There are serious ethical problems in moving hybrid 
crystal nanotech from theory to human trials. The 
biggest risk is the long-term toxicity that could come 
from the accumulation of degraded nanomaterials. 
Even with green synthesis methods with 
phytochemicals the long term biological footprint of 
artificially concentrated nano-co-crystals and their 
subsequent carrier matrix in human organs (liver and 
spleen) is still largely uncharacterized. There is an 
ethical obligation to demonstrate unequivocally that 
these nanoscale materials can be completely 
metabolized or safely eliminated without triggering 

chronic autoimmune reactions. Therapeutic 
availability and medical equity is another major 
ethical problem. The design, fabrication and 
mathematical control of nano co-crystal 
nanonetworks is highly complex. The first treatments 
will be too expensive to manufacture. Such precise 
drug delivery systems are at high risk of being 
available only in elite health-care settings, further 
widening existing gaps in global health outcomes. 
Researchers and policy-makers need to plan 
manufacturing and distribution strategies proactively 
to ensure that nanotechnology does not worsen the 
gap in patient survival rates as a function of 
socioeconomic status. [65-66] 
 
6. Conclusion 
 
In this paper we have laid down a comprehensive 
theoretical and methodological foundation for the use 
of nano-co-crystals as the central payload of 
sophisticated, precision pharmaceutical delivery 
systems. This combines the merits of the hybrid 
crystal stability with the environmental advantages of 
the green nanotechnology, thus giving rise to very 
biocompatible pharmaceutical agents. We have 
outlined how these sophisticated structures can be 
improved by incorporating mobile molecular 
communication principles, quorum sensing inspired 
release triggers and a rigorous mathematical sliding-
mode control. This multi-disciplinary convergence 
can efficiently address the challenges of traditional 
therapeutic administration, such as diffusion 
limitations and poor kinetic adaptability. An 
interesting approach to overcome some important 
practical problems of complex biofluidic flow, such 
as signal blocking and kinetic binding limitations, is 
the formation of hybrid nanomaterials of solid state 
nanostructures and matrices for active deployment. 
The suggested combination of physical actuation 
mechanisms such as EHD generation and magnetic 
micro-robotics further ensures that future therapeutics 
can be actively directed to their targets with 
unprecedented spatial precision. Finally, the 
engineering of nano-co-crystals in such advanced 
technological settings has the potential to 
revolutionize targeted medical treatments, maximized 
the therapeutic efficacy and minimized the collateral 
systemic toxicity. These advances are further 
facilitated by green nanotechnology approaches that 
enable the synthesis of eco-friendly and 
biocompatible nanomaterials for targeted drug 
delivery applications. 
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