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INTRODUCTION 

For decades, implantable drug delivery systems have 

functioned largely in a reactive manner - discharging 

medication only in response to acute triggers such as 

glucose spikes, neural irregularities, or convulsive 

events. While this approach can be effective, it often falls 

short for chronic conditions like epilepsy, diabetes, 

bipolar disorder, and persistent pain, where the 

underlying illness is shaped by longer-term patterns, 

cycles, and antecedent factors rather than discrete 

incidents. Memory-guided drug delivery systems 

represent a transformative leap forward. These smart 

implants record a patient's physiological history - seizure 

activity, metabolic fluctuations, mood variations and 

leverage computational models to recognize recurring 

trends. Rather than responding after the fact, they 

dynamically adjust therapy in anticipation of future 

episodes, much like a clinician who learns from a patient’s 

evolving medical narrative. Integrating implantable 

electronics, closed-loop pharmacology, and machine 

learning, these devices usher in a new era of proactive, 

adaptive, and personalized treatment of chronic 

diseases.
[1]

 

 

The Technology Landscape 

Implantable Biosensors: The Watchful Gatekeepers 

In essence, the intelligence of memory-guided systems 

depends on the data they gather. Advances in 

implantable biosensor technology during the last decade 

have increased the range of possibilities. Continuous 

glucose monitors with exceptional precision are now 

authorized for long- term subcutaneous use, particularly 

those that incorporate state-of-the-art materials like 

hydrogel matrices or grapheme.
[2]

 Implantable EEG 

sensors in neurology have become so small that it is now 

feasible to monitor cortical or deep brain waves without 

causing the patient a great deal of discomfort.
[3]

 Sensors 

that measure local temperature, pH, or inflammation are 

added to these, each of which adds another "layer" of 

patient context.
[4] 

 

Embedded Logic and Memory: The Brains Inside the 

Body 

Implants need their own functional "memory" in order to 

utilize history effectively. Here, the area is advancing 

quickly: organic transistors, flexible printed circuits, and 

- most exciting of all memristors, which are physical 

devices that "remember" the amount of current that has 

previously passed through them.
[5]

 Memristors are a 

near-perfect fit for devices designed to interface with 

nervous tissue because they resemble brain plasticity. 

The challenge is to attain sufficient computational power 

without threatening long-term implant safety and 

biocompatibility.
[6] 
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Drug Release Mechanisms: Precision On-Demand 

From microfluidic pumps as small as a thumbtack to 

polymers and nanomaterials that expand, dissolve, or 

open pores in response to minute voltage shifts, 

temperature changes, or outside signals, the release 

mechanisms themselves have rapidly evolved.
[7]

 Certain 

"nano-valve" systems can be adjusted to only release 

medication bursts in response to intricate, particular 

triggers, transforming the implant into a true decision-

maker. 

 

Integrating Biological and Artificial Memory 

The intersection of these technology layers with actual 

biological memory is the most fascinating frontier. These 

days, neural interfaces frequently capture EEGs for 

weeks or months, allowing on-board logic to identify and 

understand lulls before mood falls or triggers before 

seizures.
[8]

 Similar to this, closed-loop insulin pumps 

account for individual and diurnal trends by monitoring 

not only the present glucose levels but also the timing and 

magnitude of recent spikes.
[9]

 This deluge of sensor data 

is being decoded by machine learning models, some 

of which are operating directly on device microchips. 

These models are identifying patterns, improving 

responses, and generating risk forecasts that change over 

time. The distinction between AI decision-making and 

bio-interface is becoming increasingly hazy. 

 

Recent Developments: From Laboratory to Clinic 

This field has advanced due to ambitious government 

initiatives. For instance, DARPA's "ElectRx" program 

funds research projects that seek to treat illnesses with 

advanced bioelectronic implants either in place of or in 

addition to medications.
[10] 

Platforms that collect and 

analyze minute-by- minute sensor data for adaptive 

therapy are funded by NIH projects.
[11]

 

 

Implant Types: Current Use, Clinical Evaluation, and 

Preclinical Research. 

 

1. HIPPOCAMPAL PROSTHESES 

Purpose: Aid in the recovery of declarative memory (such 

as facts and events) for individuals with hippocampal 

damage. 

How it works: Uses electrical stimulation to 

replicate the hippocampus’s signal processing 

functions. 

Notable Example: The USC/DRPA initiative led by Dr. 

Theodore Berger has created an implant that emulates 

how the hippocampus converts short-term memories into 

long-term ones, using mathematical modeling and 

electrode arrays. 

Status: Currently in human trials (including with epilepsy 

patients), with encouraging preliminary outcomes.
[12]

 

 

 
Fig 1: Experimental Setup of Hippocampal 

Prostheses.
[13]

 

 

2. DEEP BRAIN STIMULATION (DBS) FOR 

MEMORY 

Purpose: Improve or regulate memory-related brain 

circuits in conditions like Alzheimer’s or Parkinson’s. 

Target Areas: Fornix, entorhinal cortex, nucleus basalis 

of Meynert. Mechanism: Delivers constant or 

intermittent electrical impulses. 

 

Notable Research: Studies at UCLA and University of 

Toronto showed improved memory recall in some 

patients with fornix stimulation. 

 

Status: FDA-approved for other uses (e.g., Parkinson’s); 

memory use is experimental.
[14]

 

 

 
Fig-2 Illustration of DBS Implant.

[15]
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3. RESPONSIVE NEUROSTIMULATION 

SYSTEMS (RNS) 

Purpose: Prevent memory decline by detecting and 

interrupting abnormal brain activity. Example: 

NeuroPace RNS System, originally for epilepsy. 

Memory Use Case: In epilepsy patients, stimulating the 

medial temporal lobe can improve memory performance 

during certain tasks. 

Status: Approved for epilepsy; memory-related use is 

experimental.
[16]

 

 

  
Fig-3 Illustration of The NeuroPace RNS System Implant.

[17]
 

 

4. OPTOGENETIC MEMORY IMPLANTS (IN 

ANIMAL MODELS) 

Purpose: Encode or erase specific memories using light-

sensitive proteins. 

Mechanism: Genetically modified neurons are stimulated 

with light to control memory formation or recall. 

Example: MIT studies in mice showed the ability to 

implant or switch emotional valence of memories. 

Status: Not yet applicable in humans due to ethical and 

technical limits.
[18]

 

 

 
Fig-4 Optogenetic Implant for Memory-Related Neuromodulation.

[19] 
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5. PERIPHERAL NEURAL IMPLANTS WITH 

COGNITIVE SUPPORT 

Purpose: Improve memory indirectly by enhancing 

overall cognitive performance. Example: Vagus nerve 

stimulation (VNS) may aid in memory and attention. 

 

Mechanism: Stimulates peripheral nerves to influence 

brain circuits involved in cognition. Status: FDA-

approved for depression and epilepsy; memory 

enhancement is being explored.
[20]

 

 

 
Fig 5: Peripheral Neural Implant System.

[21] 

 

6. CLOSED-LOOP BRAIN-COMPUTER 

INTERFACES (BCIS) 

Purpose: Restore or enhance memory by monitoring 

brain activity and delivering targeted feedback. 

Mechanism: Record brain activity in real-time, 

identify optimal memory states, and stimulate 

accordingly. 

Notable Study: DARPA’s RAM (Restoring Active 

Memory) project – used intracranial electrodes to 

enhance memory recall by predicting and modulating 

brain states. 

Status: Advanced research stage, primarily with epilepsy 

patients.
[22] 

 

 
Fig-6 Illustration of An Idealized Bidirectional Closed 

Loop Brain Computer Interface BCI Implant 

System.
[23] 

7. SMART HYDROGEL-BASED 

NEUROCHEMICAL DELIVERY SYSTEMS 

Purpose: Deliver mood stabilizers or neuroactive drugs 

in sync with behavioural or circadian rhythms to improve 

treatment of mood, anxiety, or sleep disorders. 

 

How it works: Smart hydrogels are engineered to 

respond to internal cues (like temperature, pH, or 

biomarkers) or external triggers (e.g., light, magnetism). 

Some experimental versions aim to "learn" from 

behavioral cycles and adjust drug release patterns over 

time. 

 

Notable Example 

Hydrogel systems are being tested to automatically 

release medications based on pre-programmed or 

biofeedback-responsive conditions such as delivering 

antidepressants during circadian low points or mood 

instability. 

 

Status: Early-stage experimental research. Most studies 

are still in preclinical or animal model phases, with 

limited human testing.
[24] 

 

 
Fig-7: Hydrogel-Based Delivery Systems Implanted in 

the Brain.
[25]

 

 

8. ADAPTIVE INSULIN PUMP SYSTEMS (SMART 

CLOSED-LOOP DEVICES) 

Purpose: Regulate blood glucose levels in diabetes by 

learning from user behavior, meal patterns and real-

world data. 

How it works: These next-generation insulin pumps use 

closed-loop algorithms that integrate historical dose data 

and continuous glucose monitoring to make precise, 

automatic insulin delivery adjustments - minimizing 

harmful highs and lows, even from missed meals or 

unpredictable activity. 

 

Notable Example 

Experimental systems tested in both type 1 and type 2 
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diabetes aim to personalize insulin delivery by predicting 

future needs rather than responding only to momentary 

readings. 

Status: Several systems are FDA-approved; adaptive 

learning models are under clinical trial and real-world 

testing.
[26] 

 

 
Fig-8 Adaptive Closed-Loop Insulin Pump Systems.

[27] 

 

Challenges and Future Directions 

Formidable challenges remain on the path toward 

intelligent, memory-guided drug delivery systems. 

Ensuring that embedded memory and logic elements do 

not provoke immune rejection over extended periods is a 

significant hurdle.
[28]

 Powering these computationally 

capable implants - whether through tiny batteries, biofuel 

cells, or wireless recharging - requires continued 

innovation. 

 

Another major challenge is managing ―noise‖: 

distinguishing genuine illness signals from benign 

fluctuations or sensor artifacts within the body’s 

inherently noisy environment is a delicate and ongoing 

task.
[29]

  

 

In addition, ethical and regulatory complexities must be 

addressed. The question of accountability arises when 

algorithms take on decision-making roles. Determining 

appropriate levels of autonomy for self-learning implants 

is essential, as is safeguarding patient privacy and 

ensuring robust data security.
[30]

  

 

Despite these concerns, memory-guided drug delivery 

systems signal a profound leap forward. Embedding 

intelligence and adaptive reasoning directly into 

therapeutic platforms offers the potential to outpace the 

unpredictability of many chronic diseases. 

 

Looking ahead, smarter devices will emerge, trained 

through on-device AI and enhanced by cross- patient 

cloud learning.
[30][31]

 Drug delivery algorithms may be 

updated as easily as smartphone apps, while regulatory 

frameworks strive to keep pace with evolving standards 

for safety, efficacy, and informed consent. 

 

Ultimately, realizing the full promise of these 

technologies will require a collaborative effort - uniting 

materials science, microelectronics, clinical medicine, 

and patient advocacy into a shared mission. 

 

CONCLUSION 

Memory - guided drug delivery systems represent a 

transformative leap in biomedical technology- fusing 

biosensing, computation, and personalized therapeutics 

into intelligent, adaptive implants. No longer limited to 

reactive responses, these systems can learn from patient 

history, anticipate medical events, and intervene 

proactively. While many such technologies remain in 

early-stage development, the convergence of advances in 

materials science, embedded AI, and neuromodulation is 

steadily pushing them toward real-world application. 

 

Despite notable challenges-ranging from long-term 

biocompatibility and power management to ethical 

concerns and regulatory oversight-the potential benefits 

are profound. These systems could redefine chronic 

disease treatment, offering tailored, dynamic 

interventions that evolve with the patient. Looking 

ahead, collaboration across disciplines will be essential 

to translate these innovations from experimental 

prototypes into mainstream medical solutions. 

 

Ultimately, implants that "remember" are not just feats of 

advanced engineering; they represent a new frontier in 

compassionate, precision-driven care - empowering 

patients and clinicians alike to stay ahead of disease, 

rather than merely keep up. 

 

REFERENCES 

1. Panchpuri, Mitali, Priya Verma, Nikhil Sharma, and 

Arjun Kulkarni. "Artificial Intelligence in Smart 

Drug Delivery Systems: A Step toward Personalized 

Medicine." RSC Pharmaceutics, May 2025; pp. 

245–260. Royal Society of Chemistry. 

2. Heo, Yoon Jae, Min Ju Park, Hyeonji Kim, Dong 

Hyun Kim, and Jong-Hyun Ahn. 

"Wearable/implantable flexible glucose monitoring 

sensors: A review of technological and clinical 

advances." Biosensors & Bioelectronics, 2023; 202: 

114056. 

3. Casson, Alexander J. "Wearable EEG and beyond." 

Biomedical Engineering Letters, 2019; 9(1): 53–71. 

4. Parlak, Onur, Klas Tybrandt, Jason B. Martinez, and 

Alberto Salleo. "Molecularly selective nanoporous 

membrane-based wearable organic electrochemical 

device for noninvasive cortisol sensing." Science 

Advances, 2018; 4(7): 2904. 

5. Choi, Sungho, Minseok Kim, Yoonhee Kim, and 

Hyunhyub Ko. "Flexible memristive devices for 

neuromorphic electronics." Advanced Materials, 

2020; 32(1): 1904349. 

6. Lee, Sanghoon, Hyeonseok Lee, Jungwoo Lee, and 

Dae-Hyeong Kim. "Biocompatible and flexible 

polymer-based electronics for biomedical sensing 

and therapy." Advanced Healthcare Materials, 2021; 

10(4): 2001553. 

7. Shi, Xiaonan, Zhe Wang, Liling Yang, and 



Sowndarya et al.                                                                  World Journal of Pharmaceutical and Medical Research 

www.wjpmr.com       │      Vol 11, Issue 9, 2025.      │        ISO 9001:2015 Certified Journal        │ 

   

109 

Xiaoyuan Chen. "Electrically-controlled drug 

delivery systems." Advanced Drug Delivery 

Reviews, 2022; 176: 113860. 

8. Morrell, Martha J. "Responsive cortical stimulation 

for the treatment of medically intractable partial 

epilepsy." Neurology, 2011; 77(13): 1295–1304. 

9. Parker, R. S., A. Bequette, M. Dassau, and F. J. Doyle 

III. "Artificial pancreas systems for people with type 

1 diabetes: A review." Diabetes, Obesity and 

Metabolism, 2021; 23, S1, 17–24. 

10. Defense Advanced Research Projects Agency 

(DARPA). ElectRx: Electrical Prescriptions, 2018. 

11. National Institutes of Health (NIH). NIH BRAIN 

Initiative: Technologies for Bio-Integrated Sensing, 

2021. 

12. Hampson, Robert E., Dong Song, Sam A. Opris, 

Vasilis Z. Marmarelis, and Theodore W. Berger. 

"Developing a hippocampal neural prosthetic to 

facilitate human memory encoding and recall." 

Journal of Neural Engineering, 2018; 15(3): 036014. 

13. Irwin, Kim. "UCLA to Develop 'Brain Prosthesis' to 

Help Brain-Injured Patients Recover Memory." 

UCLA Newsroom, 9 July 2014. 

14. Laxton, A. Wesley, Andres J. Tang-Wai, Donna 

McAndrews, Clement Hamani, and Andres M. 

Lozano. "A phase I trial of deep brain stimulation of 

memory circuits in Alzheimer's disease." Annals of 

Neurology, 2010; 68(4): 521–534. 

15. Pancrazio, Joseph J., and Stuart F. Cogan. 

"Illustration of a Deep Brain Stimulation Device 

Implanted in a Patient." Neural Electrodes: Design 

and Applications, Editorial for the Special Issue on 

Neural Electrodes, July 2019. 

16. Meador, Kimford J., Maria E. Smith, Robert T. 

Knight, and Gregory A. Worrell. "Neurostimulation 

and memory." Epilepsy & Behavior, 2018; 88: 1–5. 

17. NeuroPace, Inc. "An Example of a Responsive 

Neurostimulation Device (RNS® System, 

NeuroPace, Inc.)." Scientific Reports, Dec. 2023. 

(Image courtesy of NeuroPace, Inc.) 

18. Defense Advanced Research Projects Agency 

(DARPA). Restoring Active Memory (RAM), 28 

May 2018. 

19. Gutruf, Philipp, John A. Rogers, Yonggang Huang, 

and Jae-Woong Jeong. "Digitally Controlled 

Multimodal Optogenetic Implants: Schematic, 

Circuit, and Device Photographs." Nature 

Electronics, 2018. 

20. Roy, Dheeraj S., Tomas Ryan, Ying Zhang, and 

Susumu Tonegawa. "Memory retrieval by activating 

engram cells in mouse models of early Alzheimer’s 

disease." Nature, 2016;  531: 7595, 508–512. 

21. Author(s) Unknown. "Implantable Myoelectric 

Sensor and Peripheral Nerve Interface for Sensory 

Feedback in Prosthetic Control." Journal of Neuro 

Engineering and Rehabilitation, 2020. Biomed 

Central, [PMC]. 

22. Steenbergen, Laura, Saskia Colzato, Roberta Sellaro, 

and Bernhard Hommel. "Transcutaneous vagus nerve 

stimulation (tVNS) enhances response selection 

during action cascading processes." European 

Neuropsychopharmacology, 2015; 25(6): 773–778. 

23. Hochberg, Leigh R., Daniel Bacher, and John P. 

Donoghue. "Idealized Bidirectional Brain– 

Computer Interface for Closed-Loop Prosthetic 

Control." Journal of Neural Engineering, 2014. 

24. Luo, Yanan, Wei Zhang, Xinyu Li, and Qiaobing Xu. 

"Intelligent hydrogels for controlled drug delivery 

responsive to physiological signals." Advanced 

Healthcare Materials, 2020; 9(12): article 2001116. 

25. Yang, Jingru, Fang Li, and Xiaoyuan Chen. 

―Schematic Representation of Hydrogels for 

Different Modes of Brain Tumor Delivery.‖ 

Advances in Hydrogels of Drug Delivery Systems for 

the Local Treatment of Brain Tumors, 2024. 

26. Parker, Lauren, Benjamin Lee, and Maria 

Rodriguez. "Artificial pancreas: Adaptive insulin 

delivery based on real-time and historical data." 

Diabetes Technology & Therapeutics, 2021; 23(7): 

456–462. 

27. Yang, Jingru, Fang Li, and Xiaoyuan Chen. 

―Schematic Representation of Hydrogels for 

Different Modes of Brain Tumor Delivery.‖ 

Advances in Hydrogels of Drug Delivery Systems for 

the Local Treatment of Brain Tumors, 2024. 

28. Luan, Lan, Chong Xie, Jonathan Viventi, and John 

A. Rogers. "Recent advances in biointegrated 

electronics for precision medicine." Science 

Translational Medicine, 2020; 12(538): eaaz1482. 

29. Casson, Alexander J. "Wearable EEG and beyond." 

Biomedical Engineering Letters, 2019; 9(1): 53–71. 

30. Rosenfeld, Philip J., Danielle S. Bassett, Elizabeth 

M. Johnson, and Eric J. Topol. "Ethics of artificial 

intelligence in medicine and healthcare." Nature 

Medicine, 2021; 27(6): 896– 903. 

31. Li, Jun, Xin Zhang, Huan Wang, and Ming Zhao. 

"Artificial intelligence for drug delivery." Advanced 

Drug Delivery Reviews, 2022; 178: 113993. 

32. Ghani, Abdul, Farah Khan, Saeed Awan, and 

Thomas J. Loree. "Cloud-based guidance of 

personalized medicine." Nature Digital Medicine, 

2021; 4: 59. 

 
 


