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Drug Delivery and Pharmaceutics



Drug Delivery Systems Terminology
Drug delivery systems
Conventional formulations, e.g., tablet, capsule, ointment, and solutions, that release most or all loaded drug(s) immediately 
without any control. Thus, conventional formulations are usually called “immediate release” or IR formulations.

Controlled release drug delivery systems
Newer formulations that have a built-in technology to control the drug release kinetics over time.  
The term “controlled” had an additional meaning of maintaining relatively constant drug concentration in the blood over 
time. However, maintaining a constant drug concentration is difficult, especially for oral controlled release formulations. 
The formulations are effective as long as the drug concentrations are maintained within the therapeutic index, i.e., above the 
minimum effective drug concentration and below the maximum safe concentration. 

Controlled release drug delivery systems have also been called 
Sustained-release Systems
Extended-release Systems
Delayed-release Systems
Therapeutic Systems

Drug Delivery Systems = Drug + Everything Else (Excipients)

Excipients should be “generally regarded as safe (GRAS)” materials 



Handbook of Pharmaceutical Excipients
Rowe 2009, Handbook of Pharmaceutical Excipients

The book can be downloaded from the folder “6. Pharmaceutical Polymers”



Norplant: Made of Silicone rubber
36 mg levonogestrel.
85 g/day (later 30 g/day) up to 7 years.

Once-a-month
Once-a-year

Once-a-day
Once-a-week

On-demand

Long-Acting Systems: Less Frequent Administration → Improved patients’ compliance & convenience

Disadvantages

Relatively high production cost
Dose dumping
Surgical operation
Difficulty in stopping drug release
Biocompatibility issue

Controlled release, Sustained release, Extended release, Modified release, Programmed release

Controlled Release Drug Delivery Systems



Therapeutic Index (TI) = Cmax/Cmin
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Cmax: Toxic level

Cmin: Minimum 
effective level

TI values of selected drugs

Drug TI .

Theophylline ∞
Triphenylamine 19,000
Diphenhydramine 2,300
Chlorpheniramine 1,400
Penicillin >100
Acetaminophen 20-40
Barbiturates 2-7
Quinidine 2-3
Digitoxin 1.5
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Candidate drugs for sustained release? 

Zero-order release system?

Rationale of Controlled Drug Delivery Systems 
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Which of the following PK profiles is the best?
Theoretical answer vs. Practical answer

Consider how a new drug is tested and approved.
Consider what does personalized medicine mean.

Rationale of Controlled Drug Delivery Systems 



Evolution of Controlled Drug Delivery Systems

1964 Liposome
(Bangosome)

Long-Term Treatment

Targeting

Peptide & 
Protein Drugs

Small 
Molecules

1950 19801960 1970 1990 20202000 2010 2030

1989Lupron Depot®

PLGA Microparticle
Nanomedicine

1994 Taxol ®

Paclitaxel in 
PEGylated 
Castor Oil

2005 Abraxane®

Paclitaxel-
Albumin 
Complex

1975 OROS®

Osmosis

2018 Onpattro®

RNAi in 
PEGylated Lipid 
Nanoparticle

2000
Nanocrystal

Rapamune®

1952 Spansule®

Dissolution-control
1974 Ocusert®

Diffusion-control

1979 Transderm Scop® 2000
Ab-Drug 
Conjugate

Mylotarg™

1995
PEGylated 
Liposome

Doxil®

1990 Adagen®

PEGylated 
Protein

1990 Norplant®

Implant

2014 Movantik

PEGylated naloxol

CAR-T 
Gene 
Therapy 

2017 Kymriah®

2019
Oral Peptide Tablet

Rebelsus®

PEGylated 
Lipid 
Nanoparticle

2021 Comirnaty®

1982 Delsym®

Ion exchange

Modulated drug delivery

Drug release kinetics controls 
pharmacokinetic (PK) profile

Body controls 
PK profile

Basic Drug Delivery 
Mechanisms

Controlled release ≈ 
Sustained Release

1974
Iron-Dextran 

Complex

InFed®



Pre-1950



Signed by President Roosevelt in June 
1938.

New drugs have to be tested for safety 
before marketing, and the result has to be 
submitted to FDA in a new drug 
application (NDA).

Point: Drink a milk from a grocery → Safe

Drug manufacturers must prove that 
their products were both safe and 
effective for approval.

Safety and effectiveness should 
consist of “adequate and well-
controlled” scientific experiments
carried out by “experts qualified by 
scientific training.”

The Federal Food, Drug, and 
Cosmetic Act (1938)

The Kefauver-Harris Amendments 
(1962)

http://www.fda.gov/ForConsumers/ConsumerUpdates/ucm322856.htm
Thalidomide devastation

The 1906 Pure Food and Drugs Act
The Pure Food and Drug Act (1906)

Signed by President Theodore Roosevelt in 
1906.

It was commonly known as the Harvey Law.
But it had many shortcomings and became 
mute in 1930.

Commemorative 50th Anniversary of Pure 
Food and Drug Laws stamp first issued by 
the U.S. Postal Service on June 27, 1956

https://www.fda.gov/about-fda/fdas-evolving-regulatory-powers/part-iii-
drugs-and-foods-under-1938-act-and-its-amendments



The Food and Drug Administration (FDA)



Medicine Shouldn't Be A Luxury

Forbes Jan. 2020
TikTok @_chelittaditt

A patent medicine in 1800s.



American Experience: The Poison Squad
'The Poison Squad' tells the story of government chemist Dr. Harvey Wiley who, 
determined to banish these dangerous substances from dinner tables, took on the 
powerful food manufacturers and their allies. (Season 32, Episode 2).

https://www.pbs.org/video/the-poison-squad-5sf93j/



Protecting America's Health: The FDA, 
Business, and One Hundred Years of Regulation

Philip J. Hilts. 2003
Dr. Harvey Washington Wiley: Creator of 
the FDA.  Professor at Purdue University.

Wiley and some of the first federal scientists of the 
Bureau of Chemistry (1906).

The first significant clinical study on the effect of 
food preservatives (1902).  (No control group!)

This was not by accident; food manufacturers had rushed to 
embrace the rise of industrial chemistry, and were knowingly 
selling harmful products. Unchecked by government regulation, 
basic safety, or even labelling requirements, they put profit before 
the health of their customers. By some estimates, in New York 
City alone, thousands of children were killed by “embalmed milk” 
every year. Citizens–activists, journalists, scientists, and women’s 
groups–began agitating for change. But even as protective 
measures were enacted in Europe, American corporations blocked 
even modest regulations. Then, in 1883, Dr. Harvey Washington 
Wiley, a chemistry professor from Purdue University, was named 
chief chemist of the agriculture department, and the agency began 
methodically investigating food and drink fraud, even conducting 
shocking human tests on groups of young men who came to be 
known as, 'The Poison Squad.'"

https://www.penguinrandomhouse.com/books/312067/the-poison-squad-by-
deborah-blum/9781594205149/

The Poison Squad: One Chemist's Single-Minded Crusade 
for Food Safety at the Turn of the Twentieth Century

"By the end of nineteenth century, food was dangerous. 
Lethal, even. “Milk” might contain formaldehyde, most 
often used to embalm corpses. Decaying meat was 
preserved with both salicylic acid, a pharmaceutical 
chemical, and borax, a compound first identified as a 
cleaning product.

The Food and Drug Administration (FDA)



https://www.slideshare.net/iRawrPanda/upton-sinclair-and-critics-of-the-jungle

Sinclair. "I aimed at the public's heart (workers' right), and by accident I hit it in the stomach."
The Jungle (1906)



Frances Kelsey: Medical officer at FDA Refusal to 
allow NDA of thalidomide based on insufficient 
safety data.

Thalidomide’s horrifying effects on newborns 
became known in 1962.
Distribution of two million tablets by Merrell for 
investigational use.

The Thalidomide Incidence



Industries for profit
Food industry

Livestock (water consumption and methane (CH4) emission) 
Fishery & Fishing industry 

Tobacco industry
Opioid pain killers 
Plastics industry
-
-
-

History Repeats Itself
Different subjects but the same cycle: 

Ignorance, Outrage, & New law protecting consumers



Importance of the Food & Drug Administration



Safety and Efficacy of Drug Delivery Systems

Drug Potency

IND: Investigational new drug application
NDA: New drug application
BLA: Biologics license application

From drug discovery through FDA approval, 
developing a new medicine takes at least 10 years on 
average and costs an average of $2.6 billion, including 
the cost of the many potential medicines that do not 
make it through to FDA approval. Less than 12% of 
the candidate medicines that make it into Phase 1 
clinical trials will be approved by the FDA.

Source: PhRMA adaption based on Tufts Center for Study of Drug Development (CSDD) Briefing: Cost of developing a 
new drug. Nov. 2014. Tufts CSDD & School of Medicine and US FDA Infographic.  
Drug Approval Process: http://www.fda.gov/downloads/Drugs/ResourcesForYou/consumers/UCM284393.pdf  
http://www.phrma.org/advocacy/research-development/clinical-trials
https://publicpolicy.wharton.upenn.edu/live/news/1764-debate-over-the-priority-review-voucher/for-students/blog/news.php



http://www.fda.gov/Drugs/ResourcesForYou/Consumers/ucm295473.htm

What is a drug as defined by the FDA?  A drug is any product that is intended for use in the diagnosis, cure mitigation, treatment , or 
prevention of disease; and that is intended to affect the structure or any function of the body.

Drug Developed
Drug sponsor develops a new drug compound and seeks to 
have it approved by FDA for sale in the United State.

Animals Tested
Sponsor must test new drug on animals for toxicity. Multiple 
species are used to gather basic information on the safety and 
efficacy of the compound being investigated/researched.

IND Application
The sponsor submits an Investigational New Drug (IND) 
application to FDA based on the results from initial testing 
that include the drug’s composition and manufacturing, and 
develops a plan for testing the drug on humans.

PRE-CLINICAL: Drug Sponsor’s Discovery and Screening Phase CLINICAL: Drug Sponsor’s Clinical Studies/Trials

1

2

Phase 1: 20-80
The typical number of healthy volunteers used in Phase 1; 
this phase emphasizes safety. The goal here in this phase is to 
determine what the drug’s most frequent side effects are and 
often, how the drug is metabolized and excreted.

3

Phase 2: 100s
The typical number of patients used in Phase 2; this phase 
emphasizes effectiveness. The goal here is to obtain 
preliminary data on whether the drug works in people who 
have certain disease condition. Short-term side effects are 
studied. 

4

At the end of Phase 2, FDA and sponsors discuss 
how large-scale studies in Phase 3 will be done.

Phase 3: 1000s
The typical number of healthy volunteers used in Phase 3. 
These studies gather more information about safety and 
effectiveness, study different populations and different 
dosages, and uses the drug in combination with other drugs.

5

FDA Drug Approval Process



http://www.fda.gov/Drugs/ResourcesForYou/Consumers/ucm295473.htm

Who reviews new drug submissions?  A team of CDER physicians, statisticians, chemists, 
pharmacologists, and other scientists review the drug sponsor’s data and proposed labeling of drugs.

Review Meeting
FDA meets with a drug sponsor prior to submission of a New 
Drug Application.

NDA Application
The drug sponsor formally asks FDA to approve a drug for 
marketing in the U.S. by submitting an NDA. An NDA 
includes all animal and human data and analyses of the data, 
as well as information about how the drug behaves in the 
body and how it is manufactured.

NDA REVIEW: FDA’s New Drug Application (NDA) Review

POST-MARKETING: FDA’s Post-Approval 
Risk Assessment Systems

6

7

Phase 4
Because it’s not possible to predict all of a drug’s effects 
during clinical trials, monitoring safety issues after drugs get 
on the market is critical. The role of FDA’s post-marketing 
safety system is to detect serious unexpected adverse events 
and take definitive action when needed.

Application Reviewed
After an NDA is received, FDA has 60 days to decide whether 
to file it so it can be reviewed.  If FDA files the NDA, the 
FDA review team is assigned to evaluate the sponsor’s 
research on the drug’s safety and effectiveness.

8-9

Drug Labeling
FDA reviews the drug’s professional labeling and assures 
appropriate information is communicated to health care 
professionals and consumers.

10

FASTER APPROVALS
The Accelerated Approval program.  The Fast Track program.

Example
FDA Fast-Tracks Experimental Ebola Drug Zmapp
(http://www.nbcnews.com/storyline/ebola-virus-outbreak/ebola-drug-zmapp-gets-
fda-fast-track-n429156)
(https://www.statnews.com/2016/10/12/ebola-zmapp-trial-results/)
Promising Ebola Drug ZMapp: The Real Lessons of an Inconclusive 
Study
(http://www.livescience.com/56468-ebola-drug-zmapp-study-inconclusive.html)

COVID-19 Vaccine Deevelopment

FDA Drug Approval Process



Feb. 7, 2020
Moderna produced 
the first clinical batch 
of mRNA-1273

Dec. 31, 2019
China notified WHO 
of the COVID-19 
outbreak

Jan. 11, 2020
SARS-CoV-2 
genetic sequence 
released

March 16
Phase 1 study of 
mRNA-1273 
begins

April 23
BioNTech/Pfizer 
starts with Phase 1/2 
trials of BNT162b2

May 12
FDA Fast Track 
designation for 
mRNA-1273

May 29
Phase 2 study 
of mRNA-1273 
begins

July 13
FDA Fast Track 
designation for 
BNT162b2

July 27
Phase 3 study of 
mRNA-1273 
begins

July 27
Phase 2/3 study 
of BNT162b2 
begins

Nov. 16
mRNA-1273 
showed 94.5% 
vaccine efficacy

Nov. 18
BNT162b2 
showed 95% 
vaccine efficacy

Dec. 18, 2020 & 
Jan. 6, 2021 
FDA and EMA 
authorization of 
mRNA-1273

Dec. 11 & 21
FDA and EMA 
authorization of 
BNT162b2

2019 2020 2021| |

Clinical Studies are Essential for Safety and Efficacy
COVID-19 Vaccine Development



http://www.fda.gov/Drugs/DevelopmentApprovalProcess/DrugInnovation/ucm483775.ht
m

FDA’s Center for Drug Evaluation and Research (CDER) evaluates new drugs before they can be sold. 
The center’s evaluation not only prevents quackery, but also provides doctors and patients the information they need to use medicines 
wisely. CDER ensures that drugs, both brand-name and generic, are effective and their health benefits outweigh their known risks.

https://www.fda.gov/drugs/developmentapprovalprocess/druginnovation/ucm592464.htm

FDA Approvals of Novel Drugs

BLA: Biologics license application
NME: New molecular entity  

http://www.fda.gov/Drugs/ResourcesForYou/Consumers/ucm295473.htm
https://www.fda.gov/drugs/new-drugs-fda-cders-new-molecular-entities-and-new-therapeutic-biological-products/novel-drug-approvals-2021
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Drugs don’t differentiate: 
Not enough sound therapeutic hypotheses!

No rationale in picking targets based on human biology

No human phenotype for drug efficacy testing

Incomplete understanding of biological function or 
molecular mechanism of disease-associated variants, genes 
& pathways 

Conventional modalities (e.g., small molecules, monoclonal 
antibodies) modulate <20% of targets

New modalities are desperately needed, but today are 
limited by delivery and pharmacological properties

Precision medicine: patient subsets for whom 
therapeutic intervention works better

http://www.nationalacademies.org/hmd/~/media/Files/Activity%20Files/Research/DrugForum/2017%20MAR%208/Plenge%20-%20Session%20IV.pdf

Trial and Error Approach
Why is it So Difficult to Develop a New Drug?



https://www.nytimes.com/2016/11/23/healt
h/eli-lillys-experimental-alzheimers-drug-
failed-in-large-trial.html?_r=0 http://www.nature.com/news/failed-alzheimer-s-trial-does-not-kill-leading-theory-of-disease-1.21045

Failed Alzheimer’s trial does not kill leading theory 
of disease
The drug, and others based on the ‘amyloid 
hypothesis’, are still being tested in other, different 
trials.
Alison Abbott & Elie Dolgin.
Nature 540: 15-16, 2016

Lilly Announces Top-Line Results of Solanezumab Phase 3 Clinical Trial
INDIANAPOLIS, Nov. 23, 2016 /CNW/ -- Eli Lilly and Company (NYSE: LLY) 
today announced that solanezumab did not meet the primary endpoint in the 
EXPEDITION3 clinical trial, a phase 3 study of solanezumab in people with mild 
dementia due to Alzheimer's disease (AD). 
Patients treated with solanezumab did not experience a statistically significant 
slowing in cognitive decline compared to patients treated with placebo (p=.095), 
as measured by the ADAS-Cog14 (Alzheimer's Disease Assessment Scale-
Cognitive subscale).  https://investor.lilly.com/releasedetail.cfm?ReleaseID=1000871

Solanezumab is a humanized monoclonal IgG1 antibody directed against the mid-
domain of the Aβ peptide. It recognizes soluble monomeric, not fibrillar, Aβ. The 
therapeutic rationale is that it may exert benefit by sequestering Aβ, shifting 
equilibria between different species of Aβ, and removing small soluble species of 
Aβ that are directly toxic to synaptic function. In preclinical research, a single 
injection of m266, the mouse version of solanezumab, reversed memory deficits in 
APP-transgenic mouse models while leaving amyloid plaques in place, raising the 
prospect of targeting the soluble pool of Aβ
http://www.alzforum.org/therapeutics/solanezumab

Brain of healthy 70-year-old (left) 
compared with brain of 70-year-old 
with Alzheimer's (right).

Alzheimer’s Disease



Merck has decided to abandon efforts to market a closely watched experimental cholesterol medicine after mediocre test results. 
Merck's decision Wednesday to not seek regulatory approval after years of testing marks the fourth time this type of once-
promising drug has been scrapped. Merck had continued to study its drug, a so-called CETP inhibitor called anacetrapib, long 
after rivals had given up on similar drugs.

Merck raised hopes when it announced in June that anacetrapib not only lowered cholesterol, but also reduced heart attacks, 
deaths and other heart disease complications. But in August it disclosed the pill only cut those risks 9 percent. That would have 
limited sales of the drug, if it had won regulatory approval, in part because cheap, genetic statin drugs lower cholesterol well for 
most people.

https://www.pharmpro.com/news/2017/10/merck-scraps-disappointing-experimental-cholesterol-
drug?et_cid=6133840&et_rid=54728378&location=top&et_cid=6133840&et_rid=54728378&linkid=https%3a%2f%2fwww.pharmpro.com%2fnews%2f2017%2f10%2fmerck-scraps-disappointing-experimental-
cholesterol-drug%3fet_cid%3d6133840%26et_rid%3d%%subscriberid%%%26location%3dtop

Generic versions of brand-name statin cholesterol pills including Lipitor, Crestor and Merck's own Zocor now cost $10 to $20 a 
month. Repatha and Praluent, two new injected medicines in a different drug category that have been shown to dramatically 
reduce cholesterol, cost $14,000 a year.

Georgetown University cardiologist Dr. Allen J. Taylor said he thinks the drug would be approved by the Food and Drug 
Administration despite its "relatively weak benefit."
"If you were discussing this with patients," Taylor said, "you would have to tell them that when you start this, you'll have to take it 
for four years to have a 1 percent chance of preventing an event," meaning a heart attack or a procedure such as bypass surgery or 
implanting a stent to keep an artery open.

https://www.pharmpro.com/news/2017/08/new-drug-reduces-heart-attacks-enough?cmpid=horizontalcontent

Merck Scraps Disappointing Experimental Cholesterol Drug

Linda A. Johnson. 10/12/2017  



Ryan Mandelbaum. Scientific American. January 2017

Hidden Side Effects: Medical Studies Often 
Leave Out Adverse Outcomes. A new analysis 
estimates that for nearly half of clinical studies, 
data goes “missing” when published.

Starting this month, U.S. investigators 
conducting clinical trials will have to make all 
their findings publicly available—no matter 
what outcome a study has—thanks to a new 
rule from the U.S. Department of Health and 
Human Services and the U.S. National 
Institutes of Health. Meanwhile the Evidence-
Based Medicine Data Lab at the University of 
Oxford released a new online tool called 
TrialsTracker that reveals exactly who is 
withholding data. 

Newsweek. November 21, 2014

Clinical Study Results



1964 Liposome
(Bangosome)

1994 Taxol ®

Paclitaxel in 
PEGylated 
Castor Oil

2005 Abraxane®

Paclitaxel 
in Albumin 
Complex

2018 Onpattro®

RNAi in 
PEGylated Lipid 
Nanoparticle

1995
PEGylated 
Liposome

Doxil®

1990 Adagen®

PEGylated 
Protein

2014 Movantik

PEGylated naloxol

CAR-T 
Gene 
Therapy 

2017 Kymriah® PEGylated 
Lipid 
Nanoparticle

2021 Comirnaty®

1964

UNIVAC 1108 (1 MB memory)
Laptop
(32 GB memory)

2021

Slower Progress in New Drug Development



Controlled Drug Delivery Mechanisms



Time (Year)

1950 19801960 1970 1990 20202000 2010 2030 2040 2050

Doxil®

From 12 hours 
to 5 years

Nanomedicine

1995
PEGylated 
Liposome

1952 Spansule®

Dissolution-control

1974 Ocusert®

Diffusion-control
1964
Liposome

1974
Iron-Dextran 

Complex

InFed®

1975 OROS®

Osmosis

1979 Transderm Scop®

1982 Delsym®

Ion exchange

1989 Lupron 
Depot®

1990 Norplant®

Implant 2005 Abraxane®

Paclitaxel-
Albumin 
Complex

2000
Ab-Drug 
Conjugate

Mylotarg™

2000
Nanocrystal

Rapamune®

1994 Taxol ®

Paclitaxel in 
PEGylated 
Castor Oil

1990 Adagen®

PEGylated 
Protein

PEGylated Lipid NP

2021 Comirnaty®

2019

Oral Peptide Tablet

Rebelsus®

2018 Onpattro®

siRNA in PEGylated 
Lipid Nanoparticle

CAR-T 
Gene 
Therapy 

2017 Kymriah®

2014 Movantik

PEGylated naloxol

Peptide,  
Protein, & 
RNA Drugs

Long-Term         Treatment 
for Chronic         Diseases

Overcoming 
Biological Barriers

Targeted
Delivery

Precision Medicine 
& Health Equity 

Controlled Drug Delivery

Evolution of Controlled Drug Delivery Systems



Diffusion

https://sciencenotes.org/osmosis-vs-diffusion-definition-and-examples/

https://openoregon.pressbooks.pub/mhccbiology101/chapter/diffusion/

Diffusion
Movement of molecules from high concentration to low 

concentration in water (or in solvent).
Both solute and solvent move.

Osmosis
Movement of solvent (water) across a semipermeable 

membrane from high to low solvent concentration.
Only solvent move.

Permeation
Movement through a membrane depends on the 
properties of permeant and membrane. 𝐷

𝑘𝑇
6𝜋𝜂𝑟

𝑥 2𝐷𝑡  𝑐𝑚 /𝑠
(One dimensional diffusion)



Drug

Transdermal Patch

Drug Delivery Module
Reservoir
Delivery Portal (Exit) 
Energy Source
Rate Controller

Platform

Occlusive Backing

Drug Reservoir

Rate-controlling Membrane

Contact Adhesive

Protective Liner

(not to scale)

Semi-permeable 
membraneDrug

Water

Water

Water

Osmotic Tablet

Controlled Release Dosage Forms: Major Components

++



Suspended Drug Membrane Aqueous Solution

Partition
PartitionDiffusion

Lag time

A fresh nonporous, homogeneous polymer membrane. 

Lag time

Concentration on the donor side Cd remains constant.
The concentration on the receptor side Cr is zero at t = 0.

Cd CrCm

Sink condition
Cr = 0

Drug Release through a Polymer Membrane (Solution-Diffusion Membrane)



Burst effect

Suspended Drug Membrane Aqueous Solution

Partition
PartitionDiffusion

Lag time

Sink condition

Cd

A nonporous, homogeneous polymer membrane presaturated with a drug

Drug Release through a Polymer Membrane (Solution-Diffusion Membrane)
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Slope = Steady-state release rate

Burst release

Once steady state has been achieved, 
zero-order release is observed 
regardless of the membrane thickness

Time

𝑑𝑀
𝑑𝑡

Burst effect

Lag time effect

𝑴 𝑺 · 𝑫 · 𝑲∆𝑪
𝒉
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𝟑𝑫
 )

𝒕𝑩
𝒉𝟐
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𝑴 𝑺 · 𝑫 · 𝑲∆𝑪
𝒉

𝒕 𝒉𝟐

𝟔𝑫
 )

𝒕𝑳
𝒉𝟐

𝟔𝑫 

Lag Time Release vs Burst Release



Physical Mechanisms

1. Dissolution

Reservoir System
Matrix System 

2. Diffusion

Reservoir System
Monolithic System

Monolithic Solution System
Monolithic Dispersion System

3. Osmosis

4. Ion-Exchange 

Chemical Mechanisms

5. Chemical Degradation

6. Enzymatic Degradation

(Monolithic = Matrix)  

Mechanisms of Controlled Drug Release

(Reservoir = Encapsulated)   



Reservoir System (= Encapsulated Dissolution System) 

Soluble after   3 h                  6 h                    9 h

Water-soluble polymer membraneDrug

Dissolution of the polymeric material (e.g., PEG) is the key to this 
mechanism. All of the polymers used must be water soluble or 
degradable.

Spansule

Fluid-Bed Wurster Coater

Matrix Dissolution System

The drug is homogeneously distributed 
throughout the polymer matrix.

As the polymer matrix dissolves, drug 
molecules are released.

Water-soluble polymer matrix

Dissolution-Controlled System



Reservoir System (= Encapsulated Diffusion System) 

Dissolution of the polymeric material is the key to this mechanism. 
All of the polymers used must be water soluble or degradable.

Water-insoluble polymer membrane

Monolithic Diffusion System

The drug is homogeneously distributed 
throughout the polymer matrix.

As the polymer matrix dissolves, drug 
molecules are released.

Water-insoluble 
polymer matrix

Microporous membraneNonporous membrane

Drug is released through 
micropores (usually 
filled with water or oil)

Drug must diffuse 
through solution-
diffusion membrane

Diffusion-Controlled System



1-Dimension Reservoir Device (Slab)

CCC s Δ

h
tCKDSM 


Δ

h
CKDS

dt
dM Δ



M

t t

dM
dt

Drug
reservoir

Polymer
membrane

h

K = partition coefficient Drug release is zero order.

Norplant® Subdermal Implant
Six matchstick-size silicon 
rubber rods inserted into the 
upper arm. Each rod contains 36 
mg levonogestrel.
The system releases 85 mg/d 
initially, which declines to 30 
mg/d during its useful life (up to 
7 years).

Microporous polypropylene film (Celgard®)  
in disposable butane lighters

Maintain constant flow 
and flame height, 
regardless of ambient 
pressure and fuel level.

Diffusion-Controlled System



Decrease in release rate due to increase 
in diffusion path length

M

40%

60%

Time

Mo

Monolithic Solution System Monolithic Dispersion System

The maximum drug 
concentration is the drug 
solubility in solution.

The maximum drug 
concentration depends on 
the solid drug content.

Diffusion-Controlled Monolithic System



DUROS® implant technology DURECT

Water

Water

Water

Semi-permeable
membrane

Drug

Drug

Mean plasma methylphenidate concentrations 
with Concerta and Immediate-release tablet.

Osmosis-Controlled System



Seawater undergoes reverse osmosis, in which high 
pressure forces the water through membranes that 
remove impurities.

Semipermeable
membrane

Drug solution Water

Osmotic
pressure

Reverse Osmosis 



Dextromethorphan
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Ion Exchange-controlled Drug Release



Drug Delivery Routes

Oral Delivery:
<1 min ~ > 1 day

Localized Delivery:
1 month ~ 1 year

Implants (IM, SQ):
1 month ~ 1 year

I.V. Infusion
~ 1 day

Transdermal:
1 day ~ 1 week

Evolution of Drug Delivery Systems



Oral Controlled Drug Delivery Systems



2010

12-hour delivery, 24-hour delivery

Ahmed & Naini: Generic oral controlled 
release product development: Formulation and 
process considerations.  Ch. 19.

Highly Successful Oral Sustained Release Formulations 



Need for Formulations of Poorly-Soluble Drugs

Biopharmaceutics Classification System

The BCS is used to set drug product dissolution standards to reduce the in vivo bioequivalence (BE) requirements.
(G.L. Amidon, H. Lennernas, V.P. Shah, J.R. Crison, A theoretical basis for a biopharmaceutic drug classification: the correlation of in vitro drug product 
dissolution and in vivo bioavailability, Pharm. Res. 12 (1995) 413-420).

THE BIOPHARMACEUTICS CLASSIFICATION SYSTEM 
A. Solubility 

The solubility class boundary is based on the highest strength of an IR product that is the subject of a biowaiver request. A drug substance is considered highly soluble 
when the highest strength is soluble in 250 mL or less of aqueous media within the pH range of 1 - 6.8 at 37 ± 1°C. The volume estimate of 250 mL is derived from typical 
BE study protocols that prescribe administration of a drug product to fasting human volunteers with an 8 fluid ounce glass of water.
B. Permeability 

The permeability class boundary is based indirectly on the extent of absorption (fraction of dose absorbed, not systemic BA) of a drug substance in humans, and 
directly on measurements of the rate of mass transfer across human intestinal membrane. Alternatively, other systems capable of predicting the extent of drug absorption in 
humans can be used (e.g., in situ animal, in vitro epithelial cell culture methods). A drug substance is considered to be highly permeable when the systemic BA or the extent 
of absorption in humans is determined to be 85 percent or more of an administered dose based on a mass balance determination (along with evidence showing stability of 
the drug in the GI tract) or in comparison to an intravenous reference dose. 
C. Dissolution

An IR drug product is considered rapidly dissolving when a mean of 85 percent or more of the labeled amount of the drug substance dissolves within 30 minutes, using 
United States Pharmacopeia (USP) Apparatus 1 at 100 rpm or Apparatus 2 at 50 rpm (or at 75 rpm when appropriately justified (see section III.C.) in a volume of 500 mL or 
less (or 900 mL when appropriately justified) in each of the following media: (1) 0.1 N HCl or Simulated Gastric Fluid USP without enzymes; (2) a pH 4.5 buffer; and (3) a 
pH 6.8 buffer or Simulated Intestinal Fluid USP without enzymes. 

An IR product is considered very rapidly dissolving when a mean of 85 percent or more of the labeled amount of the drug substance dissolves within 15 minutes, using 
the above mentioned conditions.

(5~10%) →35%

(10~20%) →10%

(60~70%)→30%

(5~10%) →25%

Lobenberg 2000, Modern bioavailability, bioequivalence and biopharmaceutics classification system



Tran 2019, Overview of the manufacturing methods of solid dispersion technology for improving the solubility of poorly water-soluble drugs

Poorly Soluble Drugs: Amorphous Solid Dispersion

PVP: polyvinylpyrrolidone; HPMC: hydroxypropylmethylcellulose; PEG: polyethylene glycol; 
HPC: hydroxypropylcellulose; HMPC AS: hydroxypropylmethylcellulose acetylsuccinate.



Tran 2019, Overview of the manufacturing methods of solid dispersion technology for improving the solubility of poorly water-soluble drugs

Poorly Soluble Drugs: Amorphous Solid Dispersion

PVP: polyvinylpyrrolidone; HPMC: hydroxypropylmethylcellulose; PEG: polyethylene glycol; 
HPC: hydroxypropylcellulose; HMPC AS: hydroxypropylmethylcellulose acetylsuccinate.



Oral delivery of anticancer drugs: Challenges and opportunities. 
Kaushik Thanki, Rahul P. Gangwal, Abhay T. Sangamwar, Sanyog Jain. J. Controlled Rel. 170: 15-40, 2013.

Oral Delivery of Poorly-Soluble Drugs



Each solubilization method has advantages and limitations.

Solid state properties

Particle size
Polymorphs
Solvates
Amorphous forms

Solute-solvent interactions

pH control
Ionic additives
Co-solvents
Surfactants
Complexation
Polymer micelles
Hydrotropes

Manipulating Solubility by Changing

Drug hydrophobicity
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Ideal

Solubilization Methods for Poorly-Soluble Drugs



Peltonen, L., J. Hirvonen, Pharmaceutical nanocrystals by nanomilling: critical process parameters, particle 
fracturing and stabilization methods, J. Pharm. Pharmacol. 62(11) 1569-1579.   

1. Rapamune (sirolimus, Wyeth 2000)
2. Emend (aprepitant, Merck 2003)
3. TriCor (fenofibrate, Abbott 2004)
4. Megace (megestrol acetate, Par 2005)
5. Triglide (fenofibrate, Skye Pharma 2005)
6. Invega Sustenna (paliperidone palmitate, Janssen 2009)

Nanocrystal Formulations in Clinical Use



Methylphenidate HCl

Intestinal 
Protective DAS

Chronotherapeutic
Oral DAS

Spheroidal Oral DAS

MatriX Drug 
Absorption 
System

BID. 
Hydrophilic 
matrix-forming 
polymers

Programmable Oral DAS Dual Release DAS

DAS: Drug Absorption SystemCardizem CD
Diltiazem HCl

Seroquel (Quetiapine)
AstraZeneca: $5 Billion
Depressive disorder

Oral Extended release formulations 



Wyeth 2000

Merck 2003

Abbott 2004

Par 2005

Janssen 2009 

Skye Pharma 2005

R. Al-Kassas, M. Bansal, J. Shaw. Nanosizing techniques for improving 
bioavailability of drugs. Journal of Controlled Release, 260 (2017) 202-212.

Bottom-Up Approach Top-Down Approach

High pressure homogenizer

Wet media milling

Spray drying

Nanocrystals for Improving Oral Bioavailability of Drugs



Remote control devices Scientific American. August 2010

Oral Delivery: Targeting to GI Tract 



Hwang 1998, Gastric retentive drug delivery systems

Oral Delivery: Gastric Retention Devices



Babaee 2019, Temperature-responsive biometamaterials for gastrointestinal applications

In vivo temperature testing
The temperature in the esophagus and stomach during 
administration of warm water wasmeasured in a large 
animal model (three Yorkshire pigs)

Oral Delivery: Gastric Retention Devices



Oral Peptide Delivery System
Rybelsus: building on 30 years of innovation
Understanding the mechanism of SNAC-enabled semaglutide absorption
Novo Nordisk selected Emisphere’s Eligen technology—in particular the SNAC absorption enhancer—
for further development, even so later buying some of Merrion’s intellectual property in 2015 [13]. 
Emisphere had already clinically evaluated the site of absorption of an orally delivered peptide—
evaluating their 4-CNAB absorption enhancer to enable to delivery of oral insulin, comparing the 
absorption when the payload was delivered either to the stomach or the small intestine. The results that 
showed an improved glucose lowering affect from an immediate release tablet which delivered the 
payload to the stomach compared to delivery direct to the small intestine, an early indication that this 
might be a potential site of absorption for an orally delivered peptide. This was a surprising finding as 
the prevailing dogma at the time was that oral peptides should target the small intestine [14].

Lewis 2022, Development and approval of rybelsus (oral semaglutide)
Victor 2014, Eligen technology for oral delivery of proteins and peptides



Dhalla 2022, A robotic pill for oral delivery of biotherapeutics

Oral Delivery: Biotherapeutics



Opioid Use Disorder & Purdue Pharma
https://www.nytimes.com/2021/12/16/health/purdue-pharma-opioid-settlement.html
Judge Overturns Purdue Pharma’s Opioid Settlement
The ruling said the company’s owners, members of the Sackler family, 
could not receive protection from civil lawsuits in return for a $4.5 billion 
contribution.

Purdue Pharma is NOT related to Purdue University

https://www.theindianalawyer.com/articles/48769-citing-opioids-devastation-state-sues-purdue-pharma



Park 2019, Prevention of opioid abuse and treatment of opioid addiction- Current status and future possibilities

Opioid Use Disorder & Abuse-Deterrent Formulations

COVID-19 Disrupts 
Efforts to Address 
the Opioid Epidemic.

https://www.ravemobilesafety.com/blog/the-opioid-crisis-and-covid-19

https://www.cdc.gov/drugoverdose/deaths/2019.html

Number and age-adjusted rates of drug overdose deaths by state, US 2019



Transdermal Drug Delivery Systems



Transdermal Drug Delivery Systems

Fig. 1 Cross-sectional view of several TDS: 
(a) pressure-sensitive adhesive (PSA) matrix device; 
(b) membrane-moderated TDS;
(c) adhesive-controlled TDS; 
(d) microreservoir-type TDS; 
(e) matrix dispersion-type TDS.

K. Sugibayashi and Y. Morimoto. Polymers for transdermal drug delivery 
systems. J. Control. Release 29 (1994) 177-185.

S. Kandavilli,V. Nair, and R. Panchagnula. Polymers in transdermal drug delivery systems. Pharm. Tech. May: 62-80, 2002

Figure 1: Representative designs of transdermal 
drug delivery systems

Fig. 4. Schematic figure of cross-sectional view of D-NLCs-Azone-nanofibers. 

PLGA Nanofibers for Transdermal Delivery

J. Song, X. Fan, Q. Shen. Daidzein-loaded nanostructured lipid carriers-PLGA nanofibers 
for transdermal delivery. International Journal of Pharmaceutics 501 (2016) 245-252.

Fig. 5. In vitro release profile of daidzein from D-NLCs-Nanofibers and D-NLCs- Azone-
Nanofibers in Phosphate Buffered Saline (pH 7.4). Keys: (▲) D-NLCs- Nanofibers, (□) D-
NLCs-Azone-Nanofibers. Each value represents the mean±SD (n = 3). 



Transdermal Patches with Microneedles 

Scientific American. April 2003

Chen, M.-C., Huang, S.-F., Lai, K.-Y., Ling, M.-H.: Fully embeddable 
chitosan microneedles as a sustained release depot for intradermal 
vaccination.  Biomaterials 34(12): 3077-3086, 2013. 



Microneedle Transdermal Drug Delivery

Sixing Yang, Fei Wu, Jianguo Liu, Guorong Fan, William Welsh, Hua Zhu, Tuo Jin: 
Phase‐Transition Microneedle Patches for Efficient and Accurate Transdermal Delivery of Insulin. 
Adv. Funct. Mater. 25 (29): 4633-4641, 2015.

Figure 1. Working principle and fabrication process of PTM patches. 
A) The microneedles absorb the bodily fluid from the dermis layer to convert form hard glassy state to 
hydrogel state to allow the preloaded insulin to release to the bodily fluid in the dermis layer. 
B) The microneedle matrix of PTM is cross-linked to avoid dissolution through microcrystalline domains 
as the cross-linking junctions via a freeze-thaw treatment while that of HFM is cross-linked through 
covalent bands as the cross-linking junctions via a chemical reaction. Therefore, insulin can be loaded in 
the needle tips of PTM to achieve a relative bioavailability of 20%, while insulin has to be loaded at the 
back of the microneedle array of HFMs that leads to a bioavailability less than 1% due to the extended 
diffusion pathway. 

Naves 2017, Poly(lactic-co-glycolic) acid drug delivery systems through 
transdermal pathway: an overview. Prog. Biomater. 6:1-11, 2017.

Fig. 2 Schematic illustration of the design of PVP MN arrays containing pH-
responsive PLGA HMs and their mechanism for codelivery of two different 
model drugs Alexa 488 and Cy5 in sequence transdermally. After insertion 
into skin, the first step of rapid release of Alexa 488 and Dil-labeled HMs was  
accomplished due to quick

Phase-Transition Microneedle Patches 



Polymeric Microneedles for Transdermal Protein Delivery

Y. Ye, J. Yu, D. Wen, A.R. Kahkoska, Z. Gu. Polymeric microneedles for transdermal protein 
delivery. Advanced Drug Delivery Reviews 127 (2018) 106-118.

Fig. 1. Representative types of polymeric MNs for protein delivery. A) Solid MNs coated 
with polymeric drug formulation on the MNs surface for direct delivery. B) Dissolvable 
polymeric MNs that remain in the skin and dissolve to deliver the drug encapsulated 
within. C) Degradable polymeric MNs that remain in the skin and degrade over time. 
Drug delivery occurs via passive diffusion or degradation of the polymeric matrix. D) 
Bioresponsive polymeric MNs. Drug release is dependent on the degradation or 
dissociation of MN matrix and/or formulations from the MN matrix.

Fig. 1. A schematic representation of five different MN types used to facilitate drug delivery 
transdermally. (A) Solid MNs for increasing the permeability of a drug formulation by creating 
micro-holes across the skin. (B) Coated MNs for rapid dissolution of the coated drug into the 
skin. (C) Dissolvable MNs for rapid or controlled release of the drug incorporated within the 
microneedles. (D) Hollow MNs used to puncture the skin and enable release of a liquid drug 
following active infusion or diffusion of the formulation through the needle bores. (E) Hydrogel 
forming MNs take up interstitial fluids from the tissue, inducing diffusion of the drug located in 
a patch through the swollen microprojections.

Larraneta 2016, Microneedle arrays as transdermal and intradermal drug delivery systems: 
Materials science, manufacture and commercial development. Mater. Sci. Eng. R 104 (2016) 1-32



Poly(lactic-co-glycolic acid) Gradient Porous Microneedle Array

J. Li, Y. Zhou, J. Yang, R. Ye, J. Gao, L. Ren, B. Liu, L. Liang, L. Jiang. Fabrication of 
gradient porous microneedle array by modified hot embossing for transdermal drug delivery. 
Materials Science and Engineering: C 96 (2019) 576-582

Fig. 6. (a) GPMA loaded with dried Rhodamine B at microneedle tips, (b) rabbit skin punctured by GPMA, 
and (c) drug diffusion image of punctured skin slice.

Fig. 7. Transdermal insulin delivery in diabetic rats: (a) diabetic SD rats with a weight of approximately 200 ± 20 g 
were selected, (b) SD rat treated with GPMA patch, (c-d) skin recovery process after removing the GPMA, and (e) 
BGLs in diabetic rats after transdermal administration of insulin-loaded GPMA and SC injection (n=5).



Vaccine Patch: Vaccination without needles, the best idea ever
By Caroline Winter. Bloomberg Businessweek.  May 18, 2015

Transdermal Vaccine Patches 

At China's Chengdu University of Traditional Chinese Medicine 
hospital, twin sisters Zheng Yue and Zheng Hao wear medicinal 
patches that contain a formula of herbal medicine used as a 
seasonal treatment to expel heat from the body during summer.
Photograph by Fritz Hoffmann.  Nat Geo 2019: A Year in Review

Medicinal Patches



Long-Acting Drug Delivery Systems
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Dimensions of Drug Delivery Systems 



Polymers as Drugs

Connor 2017, Polymers as drugs

FIGURE 1 Mechanisms of therapeutic polymers. 
1. Intravenous polymer conjugates or 
nanoparticles control drug pharmacokinetics; 
2. Sub-cutaneous polymer depot formulation 
controls delivery of active moiety; 
3. Soluble oral polymer drugs neutralize 
infective or immunogenic agents in GI tract; 
4. Insoluble, orally-active polymer sequestrant 
causes fecal removal of undesired agents; 
5. Polymer drugs act as blood bulking agents or 
in vivo surfactants; 
6. Polymer drugs act as topical anti-infectives. 



1. Emulsion methods (W/O/W, S/O/W, W/O/O, S/O/O) 2. Atomization methods
Spray drying, spray freeze-drying
Ultrasonic atomization
Electrospray

3. Nano/micro fabrication

Fattal, E. and Vauthier, C. Encyclopedia 
of Pharmaceutical Technology, 
pp. 1864-1882, 2002.

Methods for Making Nano/Micro Particle



Small Hydrophobic Drugs Peptide and Protein Drugs

Double Emulsion Methods for Microparticle Preparation



Single dose mean GH concentration in pediatric GHD patients

Nutropin Depot™
Somatotropin (rDNA origin) for injectable suspension
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Trelstar Suspension™
Somatotropin (rDNA origin) for injectable suspension

Triptorelin 6-month formulation in the management of patients 
with locally advanced and metastatic prostate cancer. An open-
label non-comparative, multicenter, Phase III study.
Clin. Drug. Investig. 29 (12): 757-765, 3009

Cmax = 40 ng/mL in 3 hours
Cmax = 36 ng/mL in 4 hours

Pharmacokinetic Profiles of Long-Acting Formulations



Injectable Long-Acting Formulations Approved by the FDA

1, 3, 4, 6 months, MP  
1989, 1996, 1997, 2011
7.5 mg/month  

1, 3, 6 months, MP 
2000, 2001, 2010
3.75 mg/month  

1 month MP, 2006
380 mg/month  

1 month, MP, 2014
20, 40, 60 mg/month  

3 months MP,  2018
22.5 mg/month 

Somatulin LA
(Lanreotide acetate)

1, 3 months SI, 1989
3.6 mg/month  

2 weeks MP, 2000
30 mg/2 weeks  

3 months SI, 2009
0.7 mg/3 months 

6 months MP, 2017
22.5 mg/6 months 

2 months SI, 2019
8 mg/month 

1 month MP ,1998
20 mg/month  

2 weeks MP ,2001
1 mg/2 weeks 

1 month SI, 2011
0.37 mg/month  

3 months MP, 2017
32 mg/3 months 

4-6 months SI, 2020 
10 g/6 months

1 week, IS ,1998
50 mg/week 

1, 3, 4, 6 months IS, 2002
7.5 mg/month  

1 week MP, 2012, 2017 (BCise)

2 mg/week  
1 month IS, 2017
100, 300 mg/month  

1 month MP, 1999
13.5 mg/month (Discontinued) 

2 weeks MP, 2003
25 mg/2 weeks 

3 month MP ,2012
3.75 mg/month  

1 month IS, 2018
90, 120 mg/month 

Lutrate Depot
(Leuprolide acetate)

(Afamelanotide Implant)

MP: Microparticle
SI: Solid implant
IS: In Situ forming 

implant



Concentration-time profiles.Pharmacokinetic/pharmacodynamic response.

A. Eligard® Lupron® 45 mg / 6 months

Pharmacokinetic Profiles of Long-Acting Formulations



Issues with Delivery of Biopharmaceuticals
Protein Formulations

Proteins: Tertiary structures

Factors to consider for formulation:
Loading capacity
Encapsulation efficiency
Release profiles  →  In vitro & in vivo correlation
Protein stability  →  Bioactivity

Polymers: Biodegradable polymers  

Scale-up production

Stability



Drug Delivery: Future



Precision Medicine
“Doctors have always recognized that every 
patient is unique, and doctors have always tried 
to tailor their treatments as best they can to 
individuals. You can match a blood transfusion 
to a blood type — that was an important 
discovery. What if matching a cancer cure to our 
genetic code was just as easy, just as standard? 
What if figuring out the right dose of medicine 
was as simple as taking our temperature?” (B.H. 
Obama  2015. The precision medicine initiative. 
https://obamawhitehouse.archives.gov/precision-medicine). 

Precision Medicine

Technology Nwtworks 2020,  Pharmacogenomics - Infographic

Pharmacogenetics
The study of genetic factors (heredity) that 
influence response to drugs and the 
predisposition to develop adverse effects. 
The correlation of the DNA sequence of genes 
to a drug response. 

Pharmacogenomics
The implementation of large-scale genomic 
approaches to this question.
The study of the pattern of expression of genes 
involved in a drug response in a defined 
environment.

Pirmohamed 2001, Pharmacogenetics and pharmacogenomics



Challenges for Future Drug Delivery Systems

Physicochemical properties
Engineering problems

Drug release kinetics by the system
In vitro release kinetics

In Vivo PK

Oral / Transdermal delivery systems

Physicochemical properties
Biological problems

Injectable depot, Modulated, Nanomedicine 

Drug release kinetics by the system
In vitro release kinetics

In Vivo PK

Pfizer and Nektar's Exubera
insulin inhaler (12 inches), 2006

Businessweek. May 6, 2002

TIME. January 15, 2001



Delivery Technology Formulation Barriers Biological Barriers

Poorly water-soluble 
drug delivery

• New excipients for increasing drug 
solubility

• Non-toxic to the body
• No drug precipitation in the blood

Peptide/protein/
nucleic acid delivery

• Control of drug release kinetics
• Control of drug loading
• Control of therapeutic period

• IVIVC
• Long-term delivery up to a year
• Non-invasive delivery

Targeted drug 
delivery using 
nanoparticles

• Control of nanoparticle size, shape, 
surface chemistry, functionality, and 
flexibility.

• Surface modification with ligands
• Stimuli-sensitive delivery systems

• Controlling biodistribution through altering vascular 
extravasation, renal clearance, metabolism, etc.

• Navigating microenvironment of diseased tissues to 
reach target cells

• Crossing endothelial barriers (e.g., blood-brain barrier)

Self-regulated drug 
delivery

• Signal specificity & sensitivity
• Fast responsive kinetics
• Ability to stop drug release

• Functional inside the body
• Functional over the lifetime of drug delivery

Challenging Drug Delivery Technologies



Oncaspa®

(Pegaspargase)

PEGasys®

(Pegylated 
interferon-α2a)

Neulasta®

(Pegfilgrastim)

Somavert®

(Pegvisomant)

Adagen®

(Pegadamase)
PEG-Intron®

(Pegylated 
interferon-α2b)

Mircera® 

(mPEG-
epoetin-)

Cimzia®

(Certolizumab 
pegol)

Krystexxa®

(Pegloticase)
Movantik®

(Naloxegol)

Omontys®

(Peginesatide)

Sylatron® 

(Pegylated 
interferon-α2b) Adynovate®

(PEG-Factor VIII)

Plegridy®

(Peginterferon-1)Doxil®

(PEGylated Liposome)

Onivyde® (Irinotecan 
pegylated liposome)

Biomarin® 

(Pegvaliase) 

1990 1995 20052000 2010 2015 2020

Macugen®

(Pegaptanib)

Onpattro® (RNAi, 
PEGylated Lipid 
Nanoparticle)

Comirnaty®

(mRNA, PEGylated 
Lipid Nanoparticle)

PEGylated Protein Drugs



Chen 2021, Polyethylene glycol immunogenicity- Theoretical, clinical, and practical aspects of anti-polyethylene glycol antibodies

Antibodies against PEG

Figure 12. Anti-PEG antibodies can destabilize pegylated liposomal
doxorubicin. (A) Anti-PEG antibodies that bind to PEGylated 
liposomal doxorubicin (PLD)  can activate complement and cause 
formation of a membrane attack complex (which forms a pore) in 
the liposomal membrane, breaking the internal salt and proton 
gradients. (B) Loss of the ammonium sulfate and proton gradients 
results in rapid dissolution of the doxorubicin nanocrystal and 
diffusion of drug from the liposomes. (C) Cryogenic electron 
microscopy image of PLD showing a single doxorubicin 
nanocrystal in each liposome. (D) Image of empty liposomes after 
incubation of PLD with anti- PEG IgG and complement. Arrows 
indicate the membrane attack complex.



Chhetri 2019, Cell culture and coculture for oncological research in 
appropriate microenvironments

In Vitro 3D Models Mimicking Human Physiology

Figure 6 Coculture of non-neoplastic epithelial cells and cancer 
cells in the DOC. (A) Immunofluorescence image resulting from 
the staining of T4-2 tumors with dil prior to their seeding in the 
hemichannel. Non-neoplastic S1 cells were cultured on acrylic 
hemichannels covered with laminin 111 for 10 days to sustain 
their proliferation and differentiation. Tumor nodules (3 days 
old, prepared in 3D culture) were stained with diI (red) and 
seeded in the hemichannels for coculture with S1 cells. Cell 
nuclei were stained with DAPI (blue). Arrows point to areas 
with S1 cells only (this image is focused on the top of the 
hemichannel). (B) Image focused on the bottom portion of a 
hemichannel of the DOC containing only the monolayer of S1 
cells. (C) Reconstituted hemichannel with 3D view based on the 
stacking of optical sections of the layer of S1 cells (shown using 
the 3D viewer of ImageJ; only the cells delineating the limits of 
the hemichannel in this image are shown). Size bar, 50 μm.

Fig. 1. Design and fabrication of T-MOC to simulate the drug transport at the TME. 
(A) Schematic of the fabricated T-MOC platform and its operating pressure 
conditions. Detailed 3D configuration of the device is illustrated in cross-sectional 
view – top layer with capillary channel, nanoporous membrane, and bottom layer 
with interstitial and lymphatic channels. This design is to mimic a pair of capillary-
lymphatic vessels with tumor tissues. (B) 3D morphology of breast cancer cells 
grown on the T-MOC: MCF-7 and MDA-MB-231. Comparison of growth rate of 
MCF-7 and MDA-MB-231 under 2D culture and 3D T-MOC culture configurations.

Ozcelikkale 2017, Differential response to doxorubicin in breast 
cancer subtypes simulated by a microfluidic tumor model

Immunocytochemical characterization of human colon organoids 
(Colon-87, SCC321). Human colon PDOs are positive for colon-
specific markers: CA II, CA IV and Mucin5B, posterior hindgut 
marker: CDX2, stem cell markers: Lgr5 and Sca1 and epithelial 
markers: TPH-1 and E-Cad. 

https://www.the-scientist.com/research-products-blog/mini-guts-to-the-rescue-introducing-3-d-organoid-cell-cultures-
69623?utm_campaign=TS_3RD%20PARTY_2022&utm_medium=email&_hsmi=201625241&_hsenc=p2ANqtz-
9onuHX_7Vbam5KXmXyGPDg6Qm-
yjx4WVswqzHZsveztQXPnqVsPfozxvtiD9qUh5KfBS4G1U9rIJKyAeEwxD2F3z1cWw&utm_content=201597738&ut
m_source=hs_email

Hemichannel model of breast cancer Tumor-Microenvironment-on-chip 3D Mini-Guts

Human large intestine tissue under a microscope.


