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ABSTRACT

In this research, a variety of nanosized polymeric derivatives, particularly for applications in
drug delivery systems and enzyme nanocarriers, were synthesized and characterized. Most of the
nanocarriers were formulated with a matrix consisting of poly(DL-lactic acid-co-glycolic acid)
(PLGA) or poly(ethylene glycol)-PLGA and stabilized by polyvinyl alcohol (PVA) or Pluronic
F-68 for the encapsulation of an insulin derivative, a model therapeutic enzyme, and anticancer
drugs. The protein hormone release from biodegradable nanoparticles prepared using double
emulsion solvent evaporation was quantified and release phases were identified. Insulin-like
growth factor (IGF1)-loaded nanoparticles showed that the released protein was able to stimulate
an important pathway for effective cell proliferation and cell survival. Several excipients that
helped increase encapsulation efficiency of IGF1 were used, particularly, bovine serum albumin
(BSA), poly(propylene glycol), and a triblock polymer combining poly(propylene glycol) and
poly(ethylene glycol) — materials that act as adsorption enhancers of the protein in the PLGA
nanoparticle.

The proteolytic enzyme, trypsin, was encapsulated in PLGA nanoparticles and its behavior
during the encapsulation process and release represented the characteristics of most enzymatic
systems. Experimental kinetic experiments towards a synthetic substrate studied the activity of
trypsin during encapsulation and after its release. The nanoparticle encapsulated enzyme
maintained significant enzymatic activity and after its release, a good amount of the activity was
evident from the kinetic work. Its proteolytic activity was also unmistakable since the free
enzyme released from the nanoparticle lost significant activity within four hours after its release.
PEGylation of the protein was also considered in this study and was encapsulated as well.
13

However, the determination of the conjugate enzymatic activity was challenging since the PEGenzyme complex had only 10% of the corresponding enzymatic activity; as a consequence, the
determination of the PEG-enzyme complex after encapsulation and release was difficult to
accomplish with rigorous precision.

Another phase of this work involved the nanoparticle encapsulation of two anticancer drugs used
as therapeutic agents in non-smokers lung cancer — erlotinib (Tarceva/OSI-420) and osimertinib
(Tagrisso/AZD9291). The encapsulation was performed by single emulsion solvent evaporation
and nanoprecipitation. The encapsulation efficiency of OSI-420 increased using the
nanoprecipitation method while that of AZD9291 was increased using the single emulsion
solvent evaporation method. Preliminary encapsulated OSI-420 and AZD9291 did not show
significant difference in effectiveness compared with the free drugs in vitro. This effect was
probably the results of low encapsulation efficiency of the drug in the PLGA nanoparticles.

In addition, fluorescent, polystyrene submicron particles were utilized to detect and quantify two
different cancer markers — carcinoembryonic antigen (CEA) and carbohydrate antigen 19-9
(CA 19-9) from diluted whole blood or undiluted serum, on a paper-based microfluidic platform.
These particles were covalently conjugated with anti-CEA and anti-CA 19-9 antibodies and
stabilized with BSA. Immunoagglutination of the antibody-conjugated particles in the presence
of either CEA or CA 19-9 changed the fluorescent scatter signals (440 nm blue and 660 nm red)
upon 365 nm UV excitation. The use of UV excitation and subsequent fluorescence scattering
enabled much higher double-normalized intensities compared with elastic Mie scattering,
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successful detection in the presence of blood or serum, as well as distinct multiplex assays with
minimum cross reaction of antibodies.
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CHAPTER 1. INTRODUCTION

Cancer is a major clinical and public health problem and is the one of the leading causes of death
in both men and women worldwide.1,2 In 2016, 16.7-17.8 million people were diagnosed with
new cases of cancer and 8.8-9.1 million people died due to cancer globally.3 Smoking, obesity,
diets low on fruits and vegetables, physical inactivity, sun exposure, and alcohol consumption
are lifestyle behaviors attributed to an increased risk of cancer.4,5 The number of incident cancer
cases and cancer deaths is expected to increase due to an aging population as well as a growing
population that adopts diet and lifestyle behaviors that increase the risk of developing cancer.1,6
However, cancer mortality in the United States has declined since 1991 due to three main
factors: decreased tobacco use, early screening, and improvements in cancer treatment.4,7,8 Only
a fraction of cancer cases can be prevented by adopting low-risk diet and lifestyle behaviors. For
most cases, early screening and improved cancer treatments will lower the global cancer burden.9

1.1 Cancer and Early Detection
Cancer is a complex group of diseases characterized by uncontrolled growth and proliferation of
abnormal cells.10 It is the result of the accumulation of multiple mutations in DNA, the genetic
code, that transforms a normal, healthy cell into an abnormal cell.10 Over the last few decades,
researchers have developed new techniques such as imaging and blood tests to detect cancer.
Imaging can help diagnose, stage, and assess changes in tumors. Computed tomography (CT),
magnetic resonance imaging (MRI), ultrasound (US), and radiography are morphological
imaging methods that provide anatomical information (location, size, morphology, and structure)
about the tumor.11,12 Position emission tomography (PET) and single-photon emission computed
tomography (SPECT) are functional imaging methods that provides physiological information
16

(blood flow and metabolic activity) about the tumor.11,12 The type of detection required depends
on the size and location of the cancerous lesion. The TNM system is used to stage cancer based
on three components: the size and extent of the primary tumor (T), invasion of nearby lymph
nodes (N), and distant metastasis (M).13 The T, N, and M components can be condensed into five
stage groups as follows.11
•

Stage 0: abnormal cells are present but haven’t invaded surrounding tissue

•

Stages I and II: malignant cells localized to tissue they originated from

•

Stage III: malignant cells have invaded nearby lymph nodes

•

Stage IV: malignant cells have spread to and invaded distant tissues

The goal of cancer imaging is to detect the fewest number of abnormal cells before cancer
develops and causes symptoms. Mammography is the standard method for early screening of
breast cancer.11 Mammography is an imaging technology that uses low dose X-rays to detect and
locate tumors within breast tissue.13 Unfortunately, mammography has a 6.52-12.12% falsepositive rate and a 0.10-0.15% false-negative rate.14 The relatively high false-positive rate
increases the subsequent recommendations for biopsy and additional imaging using ultrasound or
MRI.11,13,14 Mammography is sometimes unreliable when imaging dense breast tissue because
the cancerous tissue looks very similar to normal tissue.13 Colon cancer can be screened using
fecal occult blood tests and colonoscopy.11 Colonoscopy is an imaging technology that uses a
camera attached to the end of a scope that is inserted into the colon which allows the doctor to
visualize polyps and ulcerations and collect biopsies.11 Chest x-rays, CT, MRI, and PET are
several imaging technologies to detect and locate cancer within the lungs. CT scans are more
sensitive than chest x-rays in detecting the presence and size of pulmonary nodules, the
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invasiveness of lung cancer in the chest, and enlargement of the lymph nodes.13 PET-CT scans
can stage the lung cancer as long as the nodule is larger than 10 mm in diameter, and MRI chest
scans can be used to gather anatomical information about the tumor.11 While these imaging
technologies can detect and locate tumors, the malignancy of the tumor cannot be determined by
these methods alone. After the tumor has been located, a physician can perform a biopsy of the
tissue to definitively differentiate cancerous cells from normal cells.13 A single mass of 109 cells
is the smallest solid tumor that can be detected with the previously mentioned imaging
modalities.15 While imaging technologies are appropriate for detecting abnormal tissue growth, if
the tumor is large and has already metastasized, then the risk of mortality increases.16 The goal of
early screening is to detect cancer at the earliest stage possible, ideally, well before 109
malignant cells grow and accelerate the progression of cancer. Therefore, physicians and
researchers are moving towards developing biosensors that can detect cancer biomarkers before
the tumor has had a chance to grow and spread.

1.2 Introduction to Biomarkers for Cancer Detection
Identifying and detecting proteins, carbohydrates, or nucleic acids secreted by cancerous cells or
other cells in response to the presence of malignant tumors in blood, saliva, urine, and other body
fluids is one promising approach in early cancer screening.17 In the early stages of disease, small
numbers of cells produce low concentrations of cancer biomarkers in circulation.18,19 High
performance liquid chromatography (HPLC) with ultraviolet (UV) detection is an inexpensive,
high-throughput method with detection limits of 0.1 – 100 µg/mL.20 Enzyme linked
immunosorbent assays (ELISA) pushes the detection limit down to the low pg/mL range.21
Nanotechnology could solve these problems and enable the development of low cost biosensors
with high sensitivity and specificity.
18

The majority of FDA-approved biomarkers are used to monitor the progression rather than aid in
the diagnosis of cancer.22,23 Alpha fetoprotein (AFP) is a biomarker that has been cleared to help
guide testicular cancer management.18,24 Normal serum AFP levels are less than 10 ng/mL in
healthy adults.25 AFP isn’t used as a diagnostic marker for testicular cancer because
hepatocellular carcinoma, gastric cancer and benign liver diseases such as cirrhosis and hepatitis
typically have elevated serum AFP levels.26,27 Cancer antigen 125 (CA 125) is a biomarker that
has been cleared to monitor the response of ovarian cancer to treatment as well as to detect
residual or recurring disease.18,28 Normal serum CA 125 levels are less than 35 U/mL.29 CA 125
has poor specificity as a biomarker because it is elevated in other cancers.30 Cancer antigen 15-3
(CA 15-3) is a biomarker that has been approved to monitor the response of breast cancer to
therapy, but high values may also be observed in other cancers, renal failure, autoimmune
diseases, and pregnancy.22,23,30 In a healthy population, CA 15-3 levels average 13.7 U/mL.31
Cancer antigen 19-9 (CA 19-9) is an approved biomarker for monitoring pancreatic cancer, and
it is overexpressed in advanced gastrointestinal cancer as well as benign conditions such as
inflammatory disease and heart failure.22,30 Carcinoembryonic antigen (CEA) is present in over
70% of all cancers and is an approved biomarker that can be used to predict the progression of
various cancers.18,32 Human epidermal growth factor receptor 2 (HER 2) is observed in 20-25%
of breast cancers and is a proteinaceous biomarker approved to assess which therapy would be
most appropriate for the patient.18 Prostate specific antigen (PSA) is an FDA-cleared biomarker
for the monitoring the response of prostate cancer to treatment.22 Because proteins regulate the
life and death of normal and abnormal cells, they can be used to provide information about the
initiation and progression of cancer. Utilizing the sensitive and specific antibody-antigen
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interactions, nanoparticle-based biosensors can be developed for the ultrasensitive detection of
these proteinaceous biomarkers.

1.3 Nanotechnology for Cancer Detection
In general, biosensors use nanoparticles to enhance the signal and to lower the limit of detection
by immobilizing greater numbers of capture and detection probes on or within nanoparticles than
on bulk-material based supports.17 One strategy used in biosensor development increases the
surface area onto which biorecognition elements can be immobilized by depositing nanoparticles
directly on the surface of an electrode.17 More capture probes on the surface of the solid support
increases the number of available binding sites for the target analyte. A second strategy amplifies
the signal by sandwiching the target analyte between an immobilized capture probe and
antibody-conjugated nanoparticles.17 In a traditional sandwich assay, one target analyte interacts
with one modified detection probe. The ratio of target analyte to modified detection probes
decreases in a nanoparticle-based format. Examples of both approaches are reported below for
different types of nanoparticles.

1.3.1 Detection of Cancer Biomarkers using Gold Nanoparticles
Gold nanoparticles are commonly used in biosensors and assays because of their size- and shaperelated electrical and optical properties.33 As the diameter of spherical gold nanoparticles
increases from 5 to 100 nm, the aqueous solution changes color from red to purple due to
localized surface plasmon resonance.34 Gold nanoparticles about 20 nm in size can be prepared
by chemical reduction of hot hydrogen tetrachloroaurate (III) (HAuCl4) using trisodium citrate
dihyrate.35 The size can be tightly controlled by changing the ratio of the citrate to Au3+ ratio.36
Gold nanoparticles amplify the signal in electrochemical biosensors.
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In order to develop a detection system with high sensitivity and specificity for cancer
biomarkers, several research groups deposited gold nanoparticles on electrodes to increase the
area available for capture antibody immobilization.37–39 An aptasensor measured HER 2
concentrations as low as 10-5 ng/mL using impedance spectroscopy.37 A similar biosensor
detected CA 125 in serum ranging from 6.7 U/mL to 100 U/mL.38 Detection antibodies tagged
with horseradish peroxidase (HRP) enabled the detection and quantification of serum CEA down
to 0.01 ng/mL.39 The larger surface area on the electrodes amplified the signal generated when
the biomarker or biomarker plus detection antibody attached to the immobilized capture
antibody.

CEA was sandwiched between capture antibodies immobilized on a gold electrode and aptamerconjugated gold nanoparticles.40 Using differential pulse voltammetry, this sandwich format
assay detected CEA in serum down to 0.5 ng/mL.40 Aptamer conjugated gold nanoparticles were
used to increase the selectivity of protein recognition and to decrease the background signal in an
electrochemical biosensor.

1.3.2 Detection of Cancer Biomarkers using Magnetic Nanoparticles
In general, magnetic particles in biosensors are used to enhance the signal by preconcentrating
the analyte, minimizing matrix interference, temporarily attracting the antibody-antigen complex
to the surface of the electrode, or increasing the ratio of detection probes to target analyte
through surface functionalization.33 Co-precipitation of ferric and ferrous ions in a 1:2 molar
ratio rapidly forms iron oxide nanoparticles with a broad particle size distribution.41 Thermal
decomposition of Fe(N-nitrosophenylhydroxylamine)3, Fe(acetylacetonate)3, or Fe(CO)5 in an
21

organic solution containing stabilizers followed by oxidation forms monodisperse iron oxide
nanoparticles.41 Microemulsion, hydrothermal synthesis, and sonochemical synthesis are
alternative synthetic methods that can be used to form iron oxide nanoparticles.41

Electrochemical biosensors with a sandwich assay format use magnetic beads to reduce
interference from contaminants and to secure the antibody-antigen complex to the electrode
surface.42,43 An immunoassay for HER 2 with a detection limit of 6 ng/mL used differential pulse
voltammetry to measure the current produced when antibody conjugated magnetic nanoparticles,
biotinylated detection antibodies, and streptavidin-conjugated alkaline phosphatase were bound
to the biomarker.42 Electrical impedance spectroscopy measured CEA concentrations as low as
0.5 ng/mL on a biosensor using antibody-conjugated magnetic nanoparticles.43 The ability to
hold the magnetic nanoparticles in place allows unbound capture and detection antibodies to be
removed from the system which enabled sensitive and specific detection.

Coupling surface plasmon resonance with antibody-conjugated magnetic nanoparticles enabled
the ultrasensitive detection of PSA in serum down to 10 fg/mL.44 A different electrochemical
biosensor developed a sandwich format assay for PSA using magnetic nanoparticles and
differential pulse voltammetry that achieved a detection limit of 1.7 ng/mL.45 Minimal
interference from unbound reagents enhanced the signal associated with the serum biomarkers.

1.3.3 Detection of Cancer Biomarkers Using Quantum Dots
Quantum dots are luminescent semiconductor nanoparticles typically 1 to 10 nm in diameter.33,46
The fluorescence of quantum dots is size dependent.33 CdTe quantum dots can synthesized by
refluxing and vigorously stirring a solution of NaHTe with CdCl2.47 High temperatures reactions
22

between CdO and Se can form CdSe quantum dots.48 Carboxylic acid or mercapto groups on the
surface can be used to functionalize the quantum dots. Because of their small size, quantum dots
can be used as fluorescent labels on detection antibodies in sandwich-based immunosensors.

Antibodies conjugated with fluorescent CdTe quantum dots were used to detect CEA bound to
capture antibodies immobilized on nanoporous gold leafs. This with fluorescent detection
measured CEA concentrations as low as 0.01 ng/mL.49 A lateral flow assay on a nitrocellulose
membrane utilized antibodies conjugated with CdSe quantum dots to detect AFP. Taking the
ratio of the fluorescence intensities between the test and control lines enabled detection as low as
1 ng/mL.48 Measuring the fluorescence of quantum dots provides good sensitivity and minimizes
instrumentation.

1.3.4. Detection of Cancer Biomarkers Using Silica Nanoparticles
Silica nanoparticles can be synthesized using a reverse microemulsion method in which
tetraethylorthosilicate is hydrolyzed in a mixture of water, ammonia, alcohol, and surfactant.50
An electrochemical biosensor capable of detecting 0.64 U/mL CA 15-3 was fabricated by
depositing antibody-conjugated silica nanoparticles on a gold electrode which then captured CA
15-3 in solution.50 In this case, silica nanoparticles amplified the signal by increasing the
available surface area for immobilized capture antibodies.

1.3.5 Detection of Cancer Biomarkers Using Liposomes
Liposomes are spherical nanoparticles consisting of a lipid bilayer surrounding a hollow core.
Multilamellar liposomes with a wide range of sizes are formed by hydration of a dried thin lipid
film.51 In order to obtain monodisperse unilamellar liposomes, the hydrated films can be
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extruded through membranes with a pore size <0.2 µm, sonicated, or freeze-thawed.51,52
Liposomes can also be prepared using reverse-phase evaporation, solvent injection, or detergent
dialysis.51 Liposomes enhance the signal in electrochemical biosensing applications by
increasing the amount of redox couple or enzyme involved in a redox reaction on the electrode
surface.

Biosensors with a sandwich format were developed for the detection of CEA using antibody
conjugated liposomes.53,54 Liposomes loaded with ferrocene carboxylic acid were used to
fabricate a non-enzymatic sensor.53 A detection limit of 1 pg/mL CEA was achieved by lysing
the liposomes which increased the amount of ferrocene carboxylic acid, a redox couple, that
interacted with the electrode.53 Two enzymatic sensors were developed using liposomes loaded
with HRP.54 The limit of detection could be reduced from 0.08 ng/mL to 0.0113 ng/mL by
changing the surface chemistry of the liposomes that captured CEA in solution.54 Solid supportbased and solution-based biosensors can measure low concentrations of biomarkers.

An electrochemical sensor for the detection of PSA was developed using immobilized capture
antibodies on a gold electrode and antibody-conjugated liposomes loaded with alkaline
phosphatase.55 Lysis of the liposomes released the enzyme into solution where it hydrolyzed
ascorbic acid 2-phosphate to ascorbic acid which in turn reduced silver ions, leading to the
deposition of silver on the gold electrode.55 The limit of detection was 0.007 ng/mL PSA using
linear sweep voltammetry.55
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1.3.6 Detection of Cancer Biomarkers Using Polymeric Nanoparticles
Non-biodegradable polystyrene nanoparticles can be synthesized from the polymerization of
latex monomers in a buffered aqueous solution containing a latex monomer, initiator, and
emulsifier.56 Biodegradable poly(lactic-co-glycolic acid) (PLGA) nanoparticles can be prepared
with single emulsion solvent evaporation, double emulsion evaporation, nanoprecipitation, or
spray drying.57–60 In single emulsion solvent evaporation, the polymer dissolved in an organic
phase is emulsified with a surfactant dissolved in an aqueous phase.57,58 In double emulsion
solvent evaporation, the polymer dissolved in an organic phase is emulsified with an internal
aqueous forming a primary emulsion.57,58 The primary emulsion is then emulsified with a
surfactant dissolved in an external aqueous phase.57,58 In both types of solvent evaporation, the
final emulsion is stirred to remove the organic solvent and harden the nanoparticles.57,58 In
nanoprecipitation, dropwise addition of a polymer dissolved in a water miscible organic solvent
to an aqueous phase with surfactants or other stabilizers forms solid particles as the organic
solvent evaporates.59 In spray drying, polymer dissolved in a volatile organic solution is fed into
a spray dryer where it is nebulized into small droplets.60 The droplets travel through a heated
drying chamber where the solvent is rapidly removed before solid nanoparticles collect in the
collection chamber.60

A latex particle assay for CEA in serum was developed.61 Immunoagglutination of anti-CEA
antibodies conjugated to latex particles occurred in the presence of CEA.61 A detection limit of
0.3 ng/mL CEA was achieved using an automated particle counter.61
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1.4 Challenges in conventional drug delivery
Oral delivery of active agents has been the preferred route for drug administration.62,63 Drugs are
introduced to the body by ingestion of pills, capsules, liquids, or injections which released the
therapeutic agent immediately throughout the body upon contact with an aqueous
environment.62,64 The release kinetics of conventionally administered drugs cannot be controlled
resulting in systemic drug concentrations briefly approaching or exceeding the maximum
tolerated level followed by a gradual decline below the minimum effective level as seen in
Figure 1. 62,65

Figure 1. Hypothetical drug concentration versus time profile. Peaks and valleys are the result of
a conventional multiple dosing regimen. A constant drug concentration is the result of an ideal
controlled drug delivery system.
High amounts of drug can accumulate in non-target tissues and organs causing unwanted side
effects. A therapeutic effect may not be observed if the drug has poor bioavailability due to
decreased absorption in the gastrointestinal tract or high elimination in the gastrointestinal tract
and liver.66 Large fluctuations of drug concentrations are unfavorable. An ideal dosing regimen
would maintain a constant drug concentration in the blood to enhance the therapeutic effect.62,65
Controlled release technologies aim to reduce the multiple dosing schedule and side effects of
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conventionally administered pills and capsules by delivering bioactive agents in a sustained,
relatively constant level within the therapeutic window.

1.5 Nanotechnology in drug delivery
Nanoparticle-based drug delivery systems are currently being developed to overcome drug
delivery challenges such as systemic cytotoxicity, drug availability, and drug degradation and
loss.66 Methotrexate, 5-fluorouracil , doxorubicin, and paclitaxel are small molecules delivered
intravenously for the treatment of cancer.67–73 Severe systemic cytotoxicity and short half-lives
limit the use of these anticancer drugs.74 Antibody-drug conjugates have been designed to target
and deliver cytotoxic drugs to cancer cells while sparing healthy cells.75 Proteins and peptides
used as targeting ligands and therapeutic agents need to be protected from denaturation after oral
administration and their bioavailability needs to be increased.66 For these reasons, nanoparticles
offer a promising approach for the delivery of anticancer drugs, proteins, and peptides with ideal
release kinetics (Fig. 2).

Figure 2. Ideal release profile for nanoparticle-based drug delivery systems.
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1.5.1 Gold nanoparticle-based drug delivery systems
Anticancer drugs can be non-covalently adsorbed to the surface of gold nanoparticles through
electrostatic interactions. More than 90% of the methotrexate electrostatically absorbed to the
surface of citrate capped gold nanoparticles incubated in phosphate buffered saline (PBS) and
culture medium was released in 12 and 96 hours, respectively.76 Complete release of 5fluorouracil ionically attached to the surface of gold nanoparticles took 10 hours at neutral pH.77
Noncovalent loading of anticancer drugs on gold nanoparticles doesn’t seem to be a viable
controlled release system because the release is too fast.

Covalent conjugation to the surface of gold nanoparticles offers one approach for the controlled
release of anticancer drugs. A photoresponsive linker, o-nitrobenzyl, allowed for the controlled
release of 5-fluorouracil from gold nanoparticles only in the presence of 365 nm radiation.78 The
dose could be controlled by the length of exposure.78 Prolonged release (> 80 hours) of
doxorubicin from multilayer gold nanoparticles was achieved.79 The nanoparticle consisted of a
gold core surrounded by a hydrophobic shell containing doxorubicin covalently conjugated to
poly(L-aspartate) via an acid-labile hydrazine linker and an outer hydrophilic polyethylene
glycol shell.79 Paclitaxel was successfully conjugated to the surface of phenol capped gold
nanoparticles using a hexaethylene glycol linker.80 In conditions representing the intracellular
environment, fast release of paclitaxel was observed despite covalent conjugation to the surface
of gold nanoparticles.81 The conjugation chemistries used to attach anticancer drugs to gold
nanoparticles needs to further investigation to find a linking agent that produces slow sustained
release in cells.
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1.5.2 Magnetic nanoparticle-based drug delivery systems
Cleavage of the covalent linker between the nanoparticle and drug provides a way to control the
release once the cell has internalized the drug delivery system. PEG-coated magnetite
nanoparticles conjugated with doxorubicin were successfully internalized by cells where the
nanoparticles released the drug.82 Enzymatic cleavage via a peptide bond resulted in the release
of methotrexate conjugated to glycine-coated magnetic nanoparticles.83 Moderate release of
doxorubicin in acidic conditions was achieved by conjugating the drug to iron oxide
nanoparticles coated with a PEG-functionalized porous silica shell.84 Iron oxide nanoparticles
conjugated with doxorubicin and coated with poly[anilin-co-sodium N-(1-one-butyric acid)
aniline] induced cell death at lower concentrations than the free drug.85 Relatively pH sensitive
linkers minimize the release of drug in the extracellular space and allow the gold nanoparticles to
be internalized so that anticancer drugs can exert their deadly action.

Drug delivery systems could potentially be developed with anticancer drugs noncovalently
associated magnetic nanoparticles. Rapid release was observed in magnetic nanoparticles coated
with 5-fluorouracil embedded in polydopamine.86 An anionic surfactant attenuated the release of
doxorubicin passively adsorbed to polyvinyl alcohol (PVA) coated iron oxide nanoparticles.87 A
chitosan coating altered the release rate of doxorubicin from magnetic nanoparticles at different
pH values .88 Despite coating magnetic nanoparticles with poly(D,L-lactide), a large initial burst
and short duration of paclitaxel release was observed.89 The release rate of superparamagnetic
iron oxide nanoparticles coated with paclitaxel embedded in chitosan could be controlled by the
application of an external magnetic field.90 Since anticancer drugs cannot be encapsulated within
the core of magnetic nanoparticles, the influence of polymeric coatings on the kinetic release of
anticancer drugs should be investigated.
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Proteins loaded onto the surface of magnetic nanoparticles can be delivered to cancer cells.
Interferon gamma (IFN-gamma, a cytokine that can suppress or promote tumor growth
depending on the environment) was electrostatically adsorbed to the surface of magnetic
nanoparticles in a low ionic strength media.91 At pH 7.5, about 100 pg/mL IFN-gamma was
released in 2 hours. At pH 5.5, about 400 pg/mL IFN-gamma was released in 2 hours.91 Proteins
are normally packaged within nanoparticles rather than tethered to the surface of them because of
the low amounts of protein that can be attached. The protein may lose functionality on the
magnetic nanoparticle because it isn’t fully protected from the surrounding environment.

1.5.3. Quantum dot-based drug delivery systems
While anticancer drugs have been conjugated to quantum dots, the kinetic release data hasn’t
been reported. Concentrations of AgInS2/ZnS quantum dots below 300 µg/mL are not toxic to
cells, but quantum dots conjugated with methotrexate are cytotoxic to cells.92 Methotrexate was
successfully conjugated to CdSe quantum dots but couldn’t be released because the covalent
linker couldn’t be cleaved.93 CdSe/CdS/ZnS quantum dots conjugated with doxorubicin were
cytotoxic.94 The cytotoxicity of CdSE and CdSe/CdS/ZnS quantum dots needs to be determined
to ensure that the reduced cell viability was a result of the anticancer drug release and not a result
of the nanocarrier.

Anticancer drugs can be passively adsorbed to the surface of quantum dots. Graphene quantum
dots loaded with methotrexate via π-π stacking released 95% of the drug within 48 hours.95 ZnO
quantum dots loaded with doxorubicin and functionalized with PEG and hyaluronic acid
demonstrated pH-sensitive release lasting 80 hours.96 Another pH-sensitive drug delivery system
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for doxorubicin was made of chitosan-based heparinized carbon dot loaded with drug through
electrostatic interactions.97 Again, the cytotoxicity of quantum dots needs to be investigated.

1.5.4 Silica nanoparticle-based drug delivery systems
Mesoporous silica nanoparticles can be used for the controlled delivery of anticancer drugs.
More methotrexate is loaded into mesoporous silica nanoparticles functionalized with longer
carbon chains, but the release kinetics aren’t influenced by the chain length.98 Amino
functionalized mesoporous silica nanoparticles encapsulated the most 5-fluorouracil.99 A pHsensitive drug delivery system for doxorubicin was developed by attaching PVP, PEG, and folic
acid to amino functionalized mesoporous silica nanoparticles.100 Surface functionalization
attenuated drug release outside of the cell and allowed the nanoparticles to deliver their payload
inside of the cell.100 Rapid release of doxorubicin in an acidic environment was observed in
phosphonate modified mesoporous silica nanoparticles coated with polyethylene imine (PEI).101
Mesoporous silica nanoparticles coated with a lipid bilayer delivered paclitaxel and gemcitabine
to pancreatic cells.102 Paclitaxel was entrapped in the lipid bilayer while gemcitabine was
encapsulated in the silica core.102 Mesoporous silica nanoparticles don’t seem to be viable
nanocarriers for the long-term release of anticancer drugs because the drugs can only be
passively adsorbed.

1.5.5 Dendrimer-based drug delivery systems
Dendrimers are polymeric nanoparticles that have been investigated as potential drug delivery
systems due to their highly branched 3-dimensional architecture that could enhance the
bioavailability of drugs that are poorly soluble in water.103 Divergent and convergent methods
can be used to synthesize dendrimers.104 The dendrimer grows from the core to the surface in the
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divergent method while the dendrimer grows from the surface to the core in the convergent
method.104 A dendrimer generation (G) refers to each step or layer of growth.104

Anticancer drugs can be physically encapsulated within the hydrophobic core of dendrimers.
Plain G5 poly(propylene imine) (PPI) dendrimers and lactoferrin-conjugated G5 dendrimers
were able to achieve high encapsulation efficiencies for methotrextrate and maximal drug release
slightly longer than 3 days.105 Almost all of the 5-fluorouracil was encapsulated within core-shell
dendrimers composed of a G4 poly(aminoamine) (PAMAM) core surrounded by a shell
composed of poly(2-(N,N-diethylamino)ethyl methacrylate) (PDEA) and methoxy-PEGpoly(amidoamine) (PPD).106 Complete release in an acidic environment took 6 hours.106
Pegylated G3 PAMAM dendrimers achieved a lower encapsulation efficiency for 5-fluorouracil
and a slower release rate.107 A multilayer dendrimer composed of a G4 PAMAM core, a
hydrophobic oligo-poly(ε-caprolactone) inner shell, and a hydrophilic PEGylated outer shell
encapsulated more than most of the paclitaxel in the hydrophobic inner shell and most of the
doxorubicin in the hydrophilic outer shell.108 Less than half of the paclitaxel was released in 2
days while more than 65% of the doxorubicin was released in the same timeframe.108 A similar
multilayer dendrimer physically encapsulated paclitaxel in the hydrophobic inner core and
conjugated doxorubicin to the surface.108 Less doxorubicin was released from the multilayer
dendrimer when it was conjugated to the surface rather than physically encapsulated in the
hydrophilic shell.108 High encapsulation efficiencies of doxorubicin and rapid release were
achieved using pH-sensitive and redox-sensitive pegylated G4 PAMAM dendrimers.109 While
dendrimers can achieve almost complete encapsulation of the anticancer drugs, they cannot
sustain the release for more than 3 days.
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Anticancer drugs can be covalently conjugated to the surface of dendrimers. Acid-labile
hydrazone bonds attenuate the release of doxorubicin conjugated to the terminal ends of
pegylated G4 PAMAM dendrimer at pH 7.4 and accelerate the release at pH 5.5.110 The
cumulative release of doxorubicin conjugated to G4 PAM dendrimers functionalized with folate
and PEG was less than 8% at pH 7.4 but increased to 42% at pH 4.5.111 A pH-sensitive pegylated
hyperbranched-PAMAM dendrimer conjugated with doxorubicin released more drug as the pH
decreased.112 Highly pegylated G4 PAMAM dendrimers conjugated with doxorubicin through
cis-aconityl linkages released more drug at pH 4.5 than sparsely pegylated dendrimers.113
Antibody-conjugated 4.5G PPI dendrimers encapsulated more paclitaxel than plain 4.5G PPI
dendrimers but released less drug.114 An enzyme-sensitive pegylated Janus dendrimer conjugated
with paclitaxel achieved a low encapsulation efficiency of 20.9% (w/w) and maximal release in
48 hours at pH 5.4.115 Chemical loading is less efficient than physical entrapment in dendrimers.

1.5.6 Liposome-based drug delivery systems
Liposomes were one of the first vehicles be used for the controlled delivery of anticancer drugs.
The synthesis of liposomes was described in section blah regarding their utility in biosensors.
The drugs are loaded into the interior of the liposome as the dried lipid film is hydrated.

Anticancer drugs can be encapsulated in the interior of liposomes. Neutral and cationic
liposomes loaded with methotrexate exhibited longer circulation times and greater accumulation
in tumor cells than the free drug.116,117 Liposomes composed of distearoyl phosphatidylchloline
encapsulated less than 25% of the initial 5-fluorouracil and released more than half of the drug in
6 hours.118 Anionic liposomes encapsulated with doxorubicin reduced cardiotoxicity and
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exhibited less renal clearance.119–122 Lyophlized and pegylated liposomes achieved high
encapsulation of paclitaxel and sustained release for more than 20 days.123,124 While liposomes
exhibit longer circulation times than the free drug, the formulations are unstable in storage.118

1.5.7 Solid lipid nanoparticle-based drug delivery systems
Solid lipid nanoparticles were developed as an alternative to liposomes and polymeric
nanoparticles. They can be prepared using high shear homogenization, hot homogenization, and
cold homogenization.66 In high shear homogenization, the lipid and drug are melted and
combined with an equally warm aqueous surfactant solution. After emulsification using a rotary
homogenizer, solid lipid nanoparticles form as the emulsion cools to room temperature.125
Production of microparticles and nanoparticles is one limitation of high shear homogenization.
Hot homogenization is similar to high shear homogenization except a high-pressure homogenizer
is used to emulsify the melt and that increases the temperature of the sample.126 Possible
degradation of temperature sensitive anticancer drugs brought about cold homogenization.66 A
solid lipid and drug melt is milled to produce microparticles instead of nanoparticles.66

High encapsulation efficiencies of anticancer drugs can be achieved with solid lipid
nanoparticles. Almost 90% of the initial methotrexate was encapsulated in etanercept
functionalized solid lipid nanoparticles, and these nanocarriers released half of the drug within 8
hours.127 High encapsulation efficiencies were achieved with pegylated solid lipid nanoparticles
which released more than half of the drug in 2 days.128 Solid lipid nanoparticles composed of
glycerol monostearate released 80% of the entrapped 5-fluorouracil in less than one hour while
nanoparticles composed of triglyceride esters and soy lecithin released about half of the
entrapped 5-fluorouracil in 48 hours.129,130 Nanocarriers composed of cacao butter and steric acid
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encapsulated about half of the initial doxorubicin and released less than 30% in 48 hours.131
Nanoparticles composed of steric acid and lecithin achieved moderate encapsulation efficiencies
and released more than half of the entrapped paclitaxel in 24 hours.132

1.5.8 Polymeric micelle-based drug delivery systems
Once the critical micellar concentration is reached, amphiphilic polymers form micelles that can
encapsulate hydrophobic drugs in their core.133 PEG is commonly used as the hydrophilic
segment in polymeric micelles because it is water-soluble and minimizes nonspecific interactions
in blood which prolongs the circulation time.134 Drug-loaded micelles can be formed by
dissolving the drug and block copolymer in a mostly organic solution followed by step-wise
dialysis to completely remove the organic phase.135 The simplest method is dissolving the
hydrophilic copolymer and drug in water to form the micelles.135 Solvent evaporation is an
alternative method in which a thin film of copolymer and drug is hydrated with an aqueous
solution.135

More methotrexate is encapsulated in polymeric micelles and less drug is released in 5 days as
the ratio of mPEG to polylactide in the copolymer decreases.136 Light-sensitive polymeric
micelles composed of coumarin-functinalized poly(ethylene oxide)-b-poly(n-butyl methacrylateco-4-methyl-[7-(methacryloyl)oxyethyloxy]coumarin)) encapsulated 5-fluorouracil and
coumarin via conjugation.137 Irradiation with 254 nm light triggered the release of 5-fluorouracil
until it reached a maximum cumulative release of 68% in 12 hours.137 Approximately 58-67% of
the initial doxorubicin was physically entrapped in polymeric micelles composed of PEG-poly(βbenzyl-L-aspartate) and then 25% of the drug was released at pH 5.0.138 A pH-sensitive
polymeric micelle composed of PEG-block-poly(allyl glycidyl ether) encapsulated 3doxorubicin
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via covalent bonding).139 Much slower release was observed at pH 7.4 compared to that at a
lower pH (2005 Hruby).139 In an acidic environment, the acid-labile hydrazine bonds were
cleaved and released dox until 48% of the drug was released in 360 hours.139 Polymeric micelles
chemically loaded with paclitaxel achieved moderate sustained release.

1.5.9 Biodegradable polymeric-based drug delivery systems
Poly(lactic acid) is a homopolymer of repeating lactic acid units while PLGA is a copolymer of
lactic acid and glycolic acid. Glycolic acid is more hydrophilic than lactic acid because lacks a
methyl group. Both of these FDA approved polymers have been used extensively in research and
practical applications. Water hydrolyzes the ester bonds in PLA and PLGA producing nontoxic,
water-soluble breakdown products – lactic acid and glycolic acid. Figure 3 describes the
schematic of PLGA and degradation.

Figure 3. Schematic hydrolysis of PLGA in an aqueous environment

PLGA and PLA micro- and nanoparticle-based systems have been used in the sustained and
controlled delivery of oral drugs.140 The ratio of lactic acid to glycolic acid in the copolymer
alters the hydrolytic degradation rate.140,141 Copolymers with more lactic acid than glycolic acid
will degrade slower because the polymer is more hydrophobic. Increasing the molecular weight
of the polymer increases the degradation rate of the copolymer.142 PLGA can be terminated with
carboxylic acids. Polymers, proteins such, and other molecules can be conjugated to PLGA to
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form antibody conjugated nanoparticles for targeted delivery of anticancer drugs.143 Maximizing
the drug loading, encapsulation efficiency, and size characteristics can potentially be developed
with biodegradable nanocarriers.

Single emulsion solvent evaporation can be used to encapsulate hydrophobic drugs in
biodegradable nanoparticles. PLGA and PLGA-PEG nanoparticles encapsulated 51% of the
initial methotrexate and 55%, respectively.144 Cumulative release reached of maximum of >90%
and about 80% for PLGA and PEG-PLGA, respectively.144

Nanoprecipitation can be used to encapsulate hydrophobic drugs in biodegradable nanoparticles.
PLGA nanoparticles encapsulated 65-95% of the initial doxorubicin depending on the initial
drug loading concentration and completely released the drug in 3 days at pH 4.0 and more than
10 days at pH 7.4.145 The ratio of PVA to poloxomer 188 affected the encapsulation efficiency of
methotrexate in PLGA nanoparticles but the same release rate was observed regardless of the
ratio.146 High encapsulation efficiencies and moderate release rates were achieved with Vitamin
E TPGS stabilized PLGA nanoparticles made with copolymers of varying molecular weights.147
Poloxomer 188 stabilized PLGA nanoparticles encapsulated all of the paclitaxel and released
more than 75% of the drug over 9 days.148 Vitamin E TPGS stabilized PLGA nanoparticles
encapsulated 80% of the paclitaxel and released 70% of the drug over 8 days.149

Double emulsion solvent evaporation can be used to encapsulate hydrophilic drugs in
biodegradable nanoparticles. PLGA nanoparticles encapsulated 63% of the initial methotrexate
and released more than 80% of the drug at pH 6.5 and more than 90% at pH 7.4.150 Chitosan
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attachment and the ratio of chitosan to PLGA affected the encapsulation efficiency of 5fluorouracil in PLGA nanoparticles.151 The slowest release was observed for nanoparticles
conjugated with chitosan.151 Increasing the ratio of lactic acid to glycolic acid in the copolymer
decreased the release rate of 5-fluorouracil from PLGA nanoparticles.152 Poloxomer 188
stabilized PLGA nanoparticles released more than 70% of the entrapped doxorubicin in 24
hours.153 Pegylated PLGA nanoparticles released more than 60% of the entrapped doxorubicin in
20 days.154

Surprisingly, more interleukin-2 (IL-2, an FDA approved cytokine for the treatment of renal and
skin cancers) was encapsulated in PLGA microparticles prepared using single emulsion than
double emulsion.155 Microparticles prepared with single emulsion released 15% in 30 days while
those prepared with double emulsion released 30% in 40 days.155 The most IL-2 was
encapsulated using a spray drying technique, but most of the protein was released in the first 2
days and continued to release for 4 months.155 IL-2 immobilized in spray dried nanoparticles
retained activity significantly longer than the proteins encapsulated using single and double
emulsion.155

Biodegradable polymeric nanoparticles are more promising as long term sustained release
vehicles than other nanoparticle-based drug delivery systems. Liposomes may achieve high
encapsulation efficiencies, but they are unstable in storage as short as 2 weeks. Proteins
physically entrapped within PLGA nanoparticles are unlikely to leak out of the nanocarrier
during storage, but the diffusion of proteins and small molecules out of polymeric scaffolds
should be examined. The release profile of proteins and therapeutic drugs can be easily altered
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by changing the processing parameters (sonication time, volumes of organic and aqueous phases,
and initial drug loading) instead of developing new chemical process.

1.6 Dissertation description
The primary intent of this research was to formulate, develop and optimize drug-loaded
biodegradable polymeric nanoparticles as a drug delivery system. The results shown in this work
outline the development of this new delivery systems for select cancer therapeutics - unmodified
proteins, pegylated proteins, erlotinib, and osimertinib.

Processing parameters were varied to study the effects of polymer type, drug concentration,
excipient type, stabilizer concentration, and fabrication method on the overall characteristics of
the drug-loaded nanoparticles. Particle size, zeta potential, morphology, drug encapsulation
efficiency, and in vitro release rates of various polymeric formulations were determined.

Chapter 2 focuses on the fabrication of insulin-like growth factor 1 (IGF1) loaded PLGA and
PLGA-PEG nanoparticles using double emulsion solvent evaporation. The effect of stabilizers
on the encapsulation efficiency, particle size, and bioactivity of IGF1 were investigated. The
drug release in culture medium (pH 7.4) was also tested.

Chapter 3 explores the fabrications of enzyme loaded PLGA nanoparticles using double
emulsion solvent evaporation. The effect of protein modification on the encapsulation efficiency
and enzymatic activity of trypsin before, during, and after release was investigated.
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Chapter 4 focuses on the fabrication of erlotinib and osimertinib loaded PLGA and PEG-PLGA
nanoparticles using double emulsion solvent evaporation and nanoprecipitation. The two
preparation methods were compared to determine how the encapsulation efficiency and
cytotoxicity were affected.

The secondary intent of this research was to design and develop a microfluidic-based biosensor
for the accurate detection of cancer biomarkers in body fluid.

Chapter 5 outlines the development of a paper-based microfluidic biosensor utilizing fluorescent,
polystyrene submicron particles to detect and quantify CEA and CA 19-9 in diluted whole blood
and undiluted serum.

Chapter 7 summarizes the conclusion of this research and contains suggestions for future
research in these areas.
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CHAPTER 2. NANOPARTICLE ENCAPSULATION AND CONTROLLED RELEASE
OF IGF1 TO STIMULATE SURVIVAL SIGNAL IN SALIVARY GLAND CELLS

2.1. Abstract: Nanoparticles uploaded with a recombinant human insulin-like growth factor-1
(IGF1) hormone were prepared, and their encapsulation and release were studied and tested in
vitro to assess their effectiveness in stimulating the PI3K/AKT/mTOR pathway in salivary gland
cells. function. The hormone was encapsulated in biodegradable nanoparticles of poly(DLlactide-co-glycolide) (PLGA) using a double emulsion solvent evaporation method. Several
excipients including a PEG-PLGA copolymer, bovine serum albumin and polypropylene glycol
were used in the preparation of the protein-loaded nanoparticles in order to increase
theencapsulation efficiency of IGF1. Scanning electron microscopy (SEM) analysis confirmed
nanoparticle size with an average diameter of 150-190 nm depending on the particular excipient
used in the preparation. The zeta potential for all nanoparticle preparations were determined
with values less than -13 mV. Protein release kinetics were evaluated with an ELISA method
specific for the determination of IGF1. The kinetics shows at least two stages in the release
behavior, an apparent first burst of protein coupled by a slow diffusion step of protein through
the particle. In vitro studies confirmed a continuous release from the nanoparticles of IGF1 for
four hours. The stimulation of the PI3K/AKT/mTOR pathway was evaluated by the
phosphorylation and activation of the protein kinase Akt within C5 parotid cells as observed by
western blot. In vitro studies complemented the quantitative release kinetics results obtained with
ELISA , suggesting that nanoparticles with encapsulated IGF1 can improve drug delivery to help
restore salivary gland cells function.
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2.2. Introduction
Due to their high molecular weight, low lipophilicity, and charged residues, protein therapeutics
are limited by low oral bioavailability and their susceptibility for biodegradation.156
Microparticles and nanoparticles composed of biodegradable polymers are an attractive longterm drug delivery vehicle for proteins that are normally administered systemically.140,157,158
Encapsulating active proteins in a polymeric nanocarrier protects the biomolecules from
premature degradation in bodily fluids and sustains therapeutic levels of protein effectiveness
with a short half-life.159 Copolymers of poly(DL-lactide-co-glycolide) (PLGA) are commonly
used since they are biodegradable and biocompatible.160–163 Manipulating the lactic acid/glycolic
acid ratio and molecular weight of the copolymer of PLGA affects the degradation rate of the
structure and, as a consequence, the release of the encapsulated proteins..140 Insulin-like growth
factor 1 (IGF1), a protein hormone, has been successfully encapsulated in different types of
polymeric biomaterials such as alginate hydrogel microbeads, chitosan gels with gelatin
microspheres, PLGA microspheres, polyurethanes, silk fibroin microspheres, and PEG-PLGA
microspheres; its bioactivity on cardiac tissue, bone, cartilage, mesenchymal stem cells, and
adipose tissue were observed.164–172 Micro- and nanoparticles loaded with protein can be
prepared using different methods. Ionic gelation was used to trap IGF1 within alginate
microparticles.164 Varying the temperature, concentration of ionic crosslinkers, polymer
concentration, and drying conditions can reduce the size of alginate microspheres from the
micron to the sub-micron range.173,174 Double emulsion solvent evaporation was used to
encapsulate IGF1 in gelatin, PLGA, and PEG-PLGA microparticles.165,166,169–171 Increasing the
energy input during the double emulsion solvent evaporation method allows the formation of
nanoparticles. Because alginate degrades slowly unless it is partially oxidized, the release rate of
proteins is rapid due to diffusion through the pores.175 The release rate of proteins from PLGA
42

and PEG-PLGA micro- and nanoparticles can be controlled because the degradation rate of the
copolymer can be optimized by the factors mentioned earlier.140 Previous research on the
encapsulation of IGF1 in various biomaterials has focused on stimulating tissue growth.

In this work, we investigated the encapsulation, release, and bioactivity of IGF1 on salivary
glands.Exposure to ionizing radiation for head and neck cancer treatment can cause collateral
damage to the neighboring salivary glands.176 This results in the side effects of xerostomia
(severe dry mouth) and reduced salivary output that reduces quality of life.177 Patients suffering
from dry mouth experience difficulties speaking as well as difficulty tasting, chewing, and
swallowing food.178 Dry mouth also increases the chance of developing cavities and other
infections.176,179 Previous studies have demonstrated the potential of IGF1 for the treatment of
radiation-induced loss of salivary function.180–185 When IGF1 binds to the insulin-like growth
factor 1 receptor on the outer surface of the plasma membrane, phosphorylation of Akt on
threonine308 and serine473 leads to its activation downstream in the PI3K/AKT/mTOR signaling
pathway which is involved in the regulation of cell survival and proliferation.186,187 The
serine/threonine protein kinase Akt provides a cell survival signal that suppresses cell death.188
IGF1 activated Akt in rat parotid and primary murine parotid acinar cells and reduced DNA
damage-induced apoptosis after treatment with etoposide.189 Apoptosis induced by etoposide
treatment and γ-radiation was suppressed in the salivary acinar cells of mice expressing a
constitutively activated mutant of Akt1.180 Systemic administration of IGF1 prior to radiation
exposure stimulated endogenous Akt in salivary acinar cells, leading to suppression of radiationinduced cell death and preservation of salivary gland function.181,182 Systemic administration of
IGF1 after radiation therapy restored salivary gland function.183 Although intravenous injections
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of IGF1 before and after radiation exposure have demonstrated the production of Akt resulting in
preservation and restoration, high circulating concentrations can also promote the survival of the
remaining tumor cells.190,191 Localized and long-term delivery of IGF1 may reduce adverse side
effects.

Due to the hydrophilic nature of proteins and need to form nanoparticles, a double emulsion
solvent evaporation method was used for the preparations. Proteins unfold and form insoluble
aggregates at the water/dichloromethane interface(Sah, 1999) (Sah, 1999). Only proteins in their
native form can be biologically active. Since changes in the polymeric matrix that forms the
nanoparticle can affect the loading capacity, binding, and release kinetics one expects a
significant effect on the release of the insulin derivative. In an effort to increase IGF1 stability
and increase protein loading during the synthesis of the nanoparticles, various excipients were
considered and added in the nanoparticle formulations. In this work, the water-miscible
polymers, poly(propylene glycol) (PPG) and the protein bovine serum albumin (BSA) were used
to protect the integrity of IGF1 during encapsulation, storage, and delivery. Designing a
controlled drug delivery system to locally release IGF1 near salivary gland cells is necessary to
avoid proliferation of cancer cells throughout the body.

The purpose of this study was to prepare and characterize a drug delivery system for the
controlled release of IGF1. We hypothesized that the release of IGF1 from polymeric
nanoparticles would stimulate the signaling pathway that regulates cell survival and activate Akt
in salivary acinar cells. In this work, we encapsulated IGF1 in polymeric nanoparticles,
quantified its release kinetics, and investigated the bioactivity of control-released IGF1. The
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effect of excipients and matrix composition on the encapsulation efficiency, kinetics, and
bioactivity on cells was determined. Our data suggest that polymeric nanoparticles are suitable
controlled release technologies as it efficiently releases bioactive IGF1.

2.3. Methods
2.3.1. Materials
IGF1 was purchased from Peprotech, Inc. (Rocky Hill, New Jersey, United States). Poly-DLlactic-co-glycolic acid was purchased from Purac Corbion (Lenexa, Kansas, United States).
Polyvinyl alcohol (PVA), poly(propylene glycol) (PPG), O,O’-bis(2-aminopropyl)
polypropylene glycol-block-polyethylene glycol-block-polypropylene glycol (bis-amino PEG),
bovine serum albumin, N,N’-dicyclohexylcardodiimide (DCC), N-hydroxysuccinimide (NHS),
and diethyl ether were purchased from Sigma Chemical (St. Louis, Missouri, United States).
Dichloromethane (DCM) and methanol were purchased from Fisher Scientific(Waltham,
Massachusetts, United States). Trehalose was obtained from Research Products International
(Mount Prospect, Illinois, United States). An enzyme-linked immunosorbent assay (ELISA) kit
for IGF1 was purchased from R&D Systems (Minneapolis, Minnesota, United States).

2.3.2. Synthesis of Nanoparticles loaded with IGF1
Nanoencapsulation of IGF1 was performed by solvent extraction from a W1/O/W2 emulsion. In
general, 2 mL of an internal aqueous phase containing 10.0 µg IGF1 in distilled water was
emulsified in 5 mL of a solution containing 60 mg of PLGA 50:50 in DCM. As stabilizers for
IGF1, various excipients were added to either the internal aqueous phase or the organic phase to
produce 4 different nanoparticle preparations: (i) no inclusion of excipients, (ii) 1.0 g
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poly(propylene glycol) 1000 in the organic phase , (iii) 100.0 mg BSA in the internal aqueous
phase, and (iv) substitution of PLGA with PEG-PLGA in the organic phase.
The water/oil phase was emulsified by ultrasonication (40% amplitude, Qsonica, Connecticut,
USA). To this primary emulsion, 10 mL of a 5% (w/v) aqueous PVA solution is added as an
emulsion enhancer that affects and modulates the PLGA scaffold hydrophilic properties. The
water/oil/water phase was emulsified by ultrasonication. In order to evaporate the organic
solvent resulting in IGF1 entrapped in hardened nanoparticles, the secondary emulsion was
stirred with a magnetic stirrer for four hours (Fig. 4). The resulting nanoparticles were isolated
and purified with 3 ultracentrifugation cycles where they were washed each time with 20 mL of
deionized water. Trehalose was added to the final suspension to stabilize the nanoparticles
during lyophilization and to protect the protein from inactivation during lyophilization and
storage.192 Finally, the aqueous dispersion was frozen at -20 C and lyophilized for 48 hours.
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Figure 4. Schematic of double emulsion solvent evaporation technique used to encapsulate
IGF1.

2.3.3. Synthesis of PEG-PLGA
Bis-amino PEG was covalently linked to PLGA by modifying a previously published
procedures.193 Activated PLGA was prepared by dissolving 3 g of PLGA in 12 mL of
dichloromethane containing 0.18 g of DCC and 0.13 g of NHS. The reaction was stirred for four
hours under nitrogen atmosphere at room temperature. The activated PLGA was purified by
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removing the excess DCC and NHS with vacuum filtration and repeated washes of a 50/50
solution of diethyl ether and methanol. Approximately 1.76 g of bis-amino PEG was reacted with
the activated PLGA overnight in 5 mL of dichloromethane. The final product was purified with
alternating washes of methanol/diethyl ether and dichloromethane before it was vacuum dried
overnight.

2.3.4. Characterization of NPs
The morphology of all the nanoparticle preparations was determined using a scanning electron
microscope (SEM), (S-4800 HR- SEM, Hitachi, Tokyo, Japan). Lyophilized nanoparticles were
deposited on conductive carbon tape. The sample was sputter coated with platinum under an
argon atmosphere (Hummer 6.2 sputtering system, Anatech USA, Hayward, California, United
States). The coating was provided at 10 mA for 1 minute and observation was performed at 5.0
kV under an argon environment. The size, size distribution, and zeta potential of the
nanoparticles were determined with dynamic light scattering (DLS) and electrophoretic light
scattering (Zetasizer Nano ZSP, Malvern Instruments, Herrenberg, Germany).

2.3.5. Total IGF1 quantification: The total IGF1 content in the nanoparticles was measured with
ELISA to directly quantify the bioactive IGF1 content within the nanoparticles. Briefly,
nanoparticles, accurately weighed, were resuspended in Dulbecco’s Modified Eagle Medium
(DMEM)/F-12 cell media to give a final nanoparticle concentration of 10 mg/mL. The
suspension was incubated in a 60 °C water bath for 30 minutes and then allowed to cool down to
room temperature. The samples were centrifuged at 14,000 g for 10 minutes to separate the
protein from the nanoparticles. The supernatant was removed and transferred to a clean
microcentrifuge tube for measurement.
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2.3.6. Kinetic release: Similarly, an ELISA kit was used to determine the amount of bioactive
IGF1 content released from the nanoparticles as a function of time. Approximately 10 mg of
lyophilized nanoparticles were resuspended in a cell media to obtain a final nanoparticle
concentration of 10 mg/mL. At several time points, a 10 µL aliquot of resuspended nanoparticle
solution was removed and frozen in an isopropyl alcohol/dry ice bath. After all the time points
were collected, the samples were thawed and 70 µL of cell media was added. The samples were
centrifuged at 14,000 g for 5 minutes to remove intact nanoparticles. The supernatant was
transferred to a clean vial. IGF1 was then quantified using the corresponding ELISA kit
according to the manufacturer’s protocol. A calibration curve for IGF1 was generated using the
same protein that was encapsulated in the nanoparticles.

2.3.7. Cell Culture and Nanoparticle Stimulation
Rat parotid acinar cell lines (C5) were cultured as previously described
(https://www.nature.com/cdd/journal/v6/n5/pdf/4400507a.pdf). Cells were plated at 5x 105 cells
on 60mm Primaria dishes (Corning Inc, Corning, NY) and grown to 80% confluency. Upon
confluency, cells were starved overnight in DMEM:F12. IGF1 encapsulated nanoparticles (IGF1
NP) and empty nanoparticle (NP) controls were resuspended in DMEM:F12 and diluted two-fold
serially for the dose response experiments while the stock concentration was used for the kinetic
experiments. At the indicated time points, the cells were rinsed with PBS, scraped, and
centrifuged at 4000 rpm for 5 min at 4°C. The supernatant was removed and the pellet was resuspended in 50 µL of radioimmunoprecipitation assay (RIPA) buffer (50mL Tris (pH 7.4),
150mM NaCl, 2mM EDTA, 50mM NaF, 1% Triton X-100, 1% DOC, 0.1% SDS, 1mM DTT)
with freshly added 5mM Na-vanadate, 100mM phenylmethylsulfonyl fluoride (PMSF), and 10
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µL/mL protease inhibitor cocktail (Sigma Aldrich, St. Louis, MO). The pellet was incubated on
ice for 30 minutes with vortexing every 10 minutes. The samples were centrifuged at 12,500 rpm
for 15 min at 4°C and the protein lysate was transferred to a new tube.

2.3.8. Immunoblotting
Total protein concentrations were determined using the Coomassie Plus-The Better Bradford
Assay (Thermo Scientific, Waltham, MA) and 100 µg of total lysate was loaded to a 10%
polyacrylamide gel, transferred to an Immobilon PDVF membrane (Millipore Corporation,
Bedford, MA) and blocked in either 2% BSA in TBST or 5% non-fat milk in Tris buffered saline
with Tween 20 (TBST). Primary antibodies used included phosphorylated AKT (serine 473),
total Akt, and p44/42 MAPK (ERK1/2) from Cell Signaling Technologies (Danvers, MA). Either
goat α-rabbit HRP Conjugate (Bio-Rad Laboratories, Hercules, CA) or Anti-Rabbit IgG, HRPlinked antibody (CST) was used as the secondary antibody. For detection, ECL Substrate
(Thermo) or SuperSignal West Pico Chemiluminescent Substrate (Thermo) was used. Restore
Wester Blotting Stripping Buffer (Fisher Scientific, Hampton, NH) was used to strip membranes,
reblocked with 2% BSA in 1x TBST, and reprobed for loading controls.

2.4. Results
The aim of this study was to synthesize different PLGA-based nanoparticle formulations,
evaluate the effective encapsulation of IGF1, and assess their bioactivity in vitro for their
potential use as long-term controlled hormone delivery systems. The same PLGA matrix was
used for three of the four nanoparticle formulations. The first formulation encapsulated IGF1 in
PLGA without any excipients. The second formulation encapsulated IGF1 in PLGA with PPG as
an excipient. The third formulation encapsulated IGF1 in PLGA with BSA as an excipient. The
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fourth nanoparticle formulation used PPG-PEG-PPG-PLGA instead of PLGA as the matrix to
encapsulate IGF1. . We used IGF1 to evaluate these nanoparticle formulations for the production
of pAkt in salivary acinar cells.

2.4.1. Characterization of IGF1 loaded nanoparticles
Independent of excipient inclusion, the manufactured NPs prepared with PLGA had a narrow
size distribution (PDI < 0.15) and the mean sizes of control particles were in the range of 140 nm
to 175 nm (Table 1). The control particles prepared with PPG-PEG-PPG-PLGA had a wider
(PDI > 0.15) and the mean size was 181 nm (Table 1). IGF1 loaded particles prepared without
excipients were approximately the same size as the control, while those prepared with excipients
were 2-12% larger. All of the preparations form particles with a negative surface charge as
determined by zeta potential determinations. In general, it was observed that the encapsulation
of IGF1does not significantly change the surface charge of the nanoparticles. The lower surface
charge of the particles formulated with BSA as an excipient is strongly dependent to the
adsorbed BSA on the surface as observed with the proportional value changes in the zeta
potential of the PLGA with BSA in the system. The lower surface charge of the particles
formulated with PPG-PEG-PPG-PLGA as the polymeric matrix is evidence of fewer uncoupled
carboxylic acid groups within the modified polymer.

All formulations generated nanoparticles with a smooth external surface based on the SEM
images. The surface morphology of control and IGF1 loaded nanoparticles appeared similar,
indicating that the inclusion of protein does not have a significant effect on physical appearance.
In comparison, particles prepared without excipients aggregated and formed long, bumpy
filaments as can be observed in Figure 5. Less aggregation was observed in NPs prepared with
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PPG. The edges of those particles curved in and adhered to the silica substrate, this indicates
that the water within the NPs evaporated very quickly. There was a moderate amount of
aggregation in the NPs prepared with BSA; short, bumpy clumps of nanoparticles were
observed. On the other hand, spherical and irregularly shaped NPs were seen in the samples
prepared with PPG-PEG-PPG-PLGA as the polymeric matrix. The irregular shapes appear to be
the fusion of two or three nanoparticles (Fig. 5).

The mean encapsulation efficiency for the NPs prepared without excipients was 1.70 ± 0.29% of
IGF1. The mean encapsulation efficiency for the NPs prepared with PPG and BSA as an
excipient were 13.00 ± 2.25% and 3.70 ± 0.80% respectively. The mean encapsulation efficiency
for the NPs prepared with PPG-PEG-PPG-PLGA as the polymeric matrix was 4.16 ± 0.78%
(Table 1).

Table 1. Characteristics of blank and IGF1 loaded nanoparticles without and with excipients.
Data for blank NPs in the table represent mean ± SE (n=3). Data for IGF1 loaded NPs in the
table represent mean ± SE (n=3).
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Figure 5. SEM images of IGF1 loaded NPs (A) without excipient, (B) with PPG as an excipient,
(C) with BSA as an excipient and (D) with PPG-PEG-PPG-PLGA as the matrix.
2.4.2. Release rates of IGF1 from nanoparticles
The release of encapsulated IGF1 from nanoparticles is one of the most important factors for
localized controlled drug delivery, and the release kinetics need to be determined before using
the nanoparticles in cell culture assays. In vitro release studies were performed in DMEM/Ham’s
F-12 cell media at pH 7.4, to visualize a difference among the different formulations. Release
kinetics are depicted as a relative release, normalized to the initial amount of encapsulated IGF1
(Fig. 6) from all nanoparticle formulations over the course of 4 hours (Fig. 6). Based on the
experimental release profiles, protein release from the biodegradable polymeric NPs prepared
without any excipient and with BSA as an excipient seems to occur in three phases: first, an
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initial burst release of protein located on or near the surface (≤ 5 min), second, enhanced
diffusion due to degradation of the polymeric matrix (between 5 and 60 min), and third, plain
Fickian diffusion of the protein due to concentration differences between the nanoparticle and
the bulk solution(≥ 60 min). The release kinetics of the nanoparticles prepared with PPG and
PPG-PEG-PPG-PLGA showed two phases. The first phase was an initial burst release of protein
associated with the surface during the 5 minute incubation period followed by a lower steadystate release.

Figure 6. In vitro release from different nanoparticle formulations. (A) without excipient, (B)
with PPG as an excipient, (C) with BSA as an excipient and (D) with PPG-PEG-PPG-PLGA as
the matrix.

The release profiles of IGF1 from the different nanoparticle formulations are shown in Figure 6.
A release of 36.8 ± 6.0 %, 10.4 ± 1.5 %, 33.3 ± 6.1 %, 3.3 ± 1.1 % was observed for NPs without
excipient, PPG as excipient, BSA as excipient, PPG-PEG-PPG-PLGA respectively (Fig. 6). The
results indicate that the addition of PPG or the use of PPG-PEG-PPG-PLGA as the matrix
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decreases the diffusion of protein and degradation of the matrix based on the initial burst. The
polymeric matrix of the NP formulations prepared without any excipient and with BSA as an
excipient may degrade faster and allow faster diffusion of the protein from the nanoparticle to
the incubation media. The incorporation of BSA as an excipient increases the amount of protein
(BSA and IGF1) located on the surface of the NP based on the zeta potential and appears to
influence the first burst release of IGF1 and BSA together. The substitution of PLGA with PPGPEG-PPG-PLGA resulted in less IGF1 released in the same 4-hour period. Since the amount of
IGF1 was quantified by ELISA, the results confirm that the protein was successfully
encapsulated and released from the polymeric nanoparticles. Over 4 hours, 12 ng of IGF1 was
detected in the released medium, accounting for approximately 36.8% of initial encapsulated
protein in the nanoparticle formulation prepared without excipients. Inclusion of PPG as an
excipient in the organic phase resulted in the release of 28 ng of IGF1 from the nanoparticles
during the 4-hour study which accounted for 10.41% of the total amount of protein encapsulated.
Approximately 33.3% of the total amount of IGF1 trapped within the nanoparticles prepared
with BSA as an excipient was released after 4 hours. Finally, the lowest amount of release equal
to 3.29% was observed in the nanoparticles prepared with PPG-PEG-PPG-PLGA was the matrix.
2.4.3. In vitro stimulation of C5 parotid cells with IGF1 loaded nanoparticles
To assess the biological activity of IGF1 released from the nanoparticles, salivary gland cells
were treated with NPs without IGF1 and NPs with IGF1. Salivary acinar cells responded to
bioactive IGF1 by activating Akt phosphorylation, a downstream target of IGF1 signaling. The
cells stimulated by the released IGF1 showed an increased amount of pAkt compared to the
negative control samples. It was observed very clearly that encapsulated IGF1 effectively
induced Akt phosphorylation in a dose- and time-dependent manner (Fig. 7 and 8).
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It was observed experimentally that phosphorylation of Akt was directly related to concentration
of NPs (Fig. 7). For the NPs prepared without excipient, the pAkt signal was no longer visible
after seven 1:2 serial dilutions. For the NPs prepared with PPG as the excipient, the pAkt signal
was no longer visible after five 1:2 serial dilutions. For the NPs prepared with BSA as the
excipient, the pAkt signal was no longer visible after four 1:2 serial dilutions. For the NPs
prepared with PPG-PEG-PPG-PLGA, the pAkt signal was no longer visible after five 1:2 serial
dilutions.

Figure 7. Western blots for dose response of C5 parotid cells to NP formulations with (A)
without excipient, (B) with PPG as an excipient, (C) with BSA as an excipient and (D) with
PPG-PEG-PPG-PLGA as the matrix.

Stimulation of C5 cells with IGF1-loaded nanoparticles induced detectable levels of pAkt after 5
minutes of incubation. (Fig. 8). This quick activation was observed in all nanoparticle
formulations. As shown in Fig. 5a, Akt activity was relatively constant for 2 hours before
declining after 24 hours of incubation with nanoparticles prepared without excipients. Inclusion
of PPG in the IGF1-loaded nanoparticle induced a more robust activation over the first two
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hours. The first peak appeared at 15 minutes and then declined slightly, and a second peak of Akt
activity appeared after 2 hours before declining. Stabilization of IGF1 with the addition of BSA
in the nanoparticles induced a weak response after 5 minutes. Maximal stimulation of pAkt was
demonstrated after 30 minutes of incubation with the IGF1/BSA nanoparticles. Akt activity
stayed relatively constant before declining significantly after 24 hours. Stimulation of cells with
IGF1-loaded nanoparticles prepared with PPG-PEG-PPG-PLGA showed a detectable level of
pAkt within 5 minutes. The maximal peak of Akt activity appeared at 15 minutes before
declining after 2 hours. Unlike the other preparations, the nanoparticles formed with the
alternative polymeric matrix showed an increase in activity after 24 hours. Cells exposed to the
control particles and their respective excipients did not induce activation of Akt

Figure 8. Western blots for kinetic release of C5 parotid cells to NP formulations with (A)
without excipient, (B) with PPG as an excipient, (C) with BSA as an excipient and (D) with
PPG-PEG-PPG-PLGA as the matrix.
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2.5. Discussion/Conclusions
In this study, polymeric nanoparticles were used as a carrier for IGF1 delivery and were shown
to be an effective method to achieve sustained release of IGF1 and to maintain the bioactivity of
this factor. Additionally, stimulation of salivary acinar cells with IGF1-loaded nanoparticles
induced the phosphorylation of Akt in a dose- and time-dependent manner. We observed
continuous activation of pAkt up to 24 hours after treatment with IGF1-loaded nanoparticles.

We demonstrated that the encapsulation efficiency and release kinetics of IGF1 was affected by
the composition of the nanoparticle. The primary motivation for preparing different formulations
was to encapsulate enough IGF1 within a drug delivery device to produce a physiological
response in salivary gland cells. The double emulsion solvent evaporation method was used with
ultrasonication to form polymeric nanoparticles loaded with IGF1. Ultrasonication of the primary
emulsion could mechanically disrupt the tertiary structure of the protein due to high shearing.
Loss of structure could result in loss of function. The inclusion of excipients was thought to
preserve the integrity of the protein during the encapsulation process based on a previous
study.194 PLGA nanoparticles prepared with PPG as an excipient in the organic phase
encapsulated the most IGF1 (1.296 µg) out of the four preparations (Table 1). The addition of
one gram of PPG may have prevented the physical disruption of IGF1 during formation of the
first emulsion. Pores form during nanoparticle hardening and connect the internal and external
aqueous phases. These pores may allow the passage of protein from the internal aqueous phase to
the external aqueous phase. Proteins that are in the external aqueous phase are removed during
the purification process. Inclusion of PPG to the organic phase may retard the leakage of IGF1
into the external aqueous phase. This polymer is amphiphilic. It may provide favorable
hydrophilic and hydrophobic interactions with IGF1 that reduce the tendency of the protein to
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pass through the pores during the encapsulation process. PPG may also prevent the aggregation
of IGF1 at the water/dichloromethane interface. Reduction of protein aggregation at the interface
may increase the amount of soluble protein in the aqueous phase. Insoluble protein aggregates
will not regain their bioactivity once released from the nanoparticles. The least amount of IGF1
(0.170 µg) was encapsulated in PLGA nanoparticles prepared without any excipients (Table 1).
The absence of stabilizers may have lent the protein more vulnerable to mechanical disruption by
ultrasonication. The remaining intact protein may have leaked into the external aqueous phase
during the nanoparticle hardening process. Proteins are amphiphilic. They form polar
interactions with water and hydrophobic interactions with PLGA. IGF1 will preferentially
interact with water over the hydrophobic PLGA copolymer. Nanopartices formed with the PPGPEG-PPG-PLGA matrix encapsulated more IGF1 (0.416 µg) than nanoparticles formed with just
PLGA (Table 1). This covalently modified multi-block copolymer has more hydrophilic
character due to the addition of PPG and poly(ethylene glycol). This hydrophilicity of this
modified polymer increases the number of favorable interactions between the polymer and IGF1,
indicating that the passage of protein into the external aqueous phase is slightly reduced. BSA
was considered as an excipient because it is a large protein that could protect IGF1 from
degradation during the encapsulation process and prevent aggregation of IGF1 at the
water/dichloromethane interface. However, IGF1-loaded nanoparticles prepared with BSA
encapsulated the second lowest amount of IGF1 (0.370 µg) (Table 1). Polymers co-dissolved
with PLGA in the organic phase seem to enhance the encapsulation of IGF1 in nanoparticles.
IGF1 (pI = 8.5) is positively charged in the internal aqueous phase (pH = 7.0) while PLGA is
negatively charged in the organic phase.195 There should have been electrostatic attraction
between IGF1 and PLGA during the double emulsion solvent evaporation process, but the low
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encapsulation efficiencies don’t support this line of reasoning. The negatively charged chains of
the PLGA may have experienced repulsion amongst themselves resulting in larger nanoparticles.

The release kinetics of IGF1 was affected by the composition of the nanoparticle. Multiphasic
release of IGF1 was exhibited by nanoparticles formulated without excipient and with BSA as a
stabilizer (Fig. 6a and 6c). Both of these formulations also showed the moderately high
cumulative release of IGF1 after four hours (36.38% and 33.33%, respectively). Approximately
15-18% of the total amount of IGF1 encapsulated was released within the first five minutes,
indicating a significant fraction of protein in these formulations may be located on or just under
the surface and rapidly dissociate from the resuspended nanoparticles in cell media. A second
phase (represented by the change in slope on the release profile) is seen indicating the diffusion
of IGF1 through the bulk of the polymeric matrix represented on the release profile by the slope
of the line decreases. Finally, a third phase is seen indicating relatively fast degradation of the
polymer increases the amount of IGF1 released into the surrounding media. Nanoparticles
prepared without excipients and with BSA may have more pores to facilitate the diffusion of
protein. The increased porosity could also increase the degradation rate of the polymeric matrix
since water can freely diffuse within the bulk. However, the presence of pores in the
nanoparticles couldn’t be visually confirmed because of the poor resolution of the SEM images.
Two phases of release were seen in nanoparticles formulated with the inclusion of PPG as a
stabilizer and the multi-block polymer matrix. Less than 5% of the total IGF1 encapsulated was
released in the first five minutes indicating less protein loosely attached to the nanoparticle.
More of the protein is embedded within the nanoparticle. A second phase is a slow steady-state
release. The diffusion of protein into the surrounding media is reduced because the matrix hasn’t
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degraded enough. The polymeric matrix exhibits a lower rate of hydrolysis indicated by a lack of
a third phase.

We observed pAkt activation as a function of nanoparticle concentration. The most robust
activation was seen in nanoparticles formulated with PPG and without excipient (Fig. 7a and 7b).
The addition of this polymer increased the amount of IGF1 trapped in the nanoparticle resulting
in more IGF1 available to stimulate the salivary gland cells. A lower nanoparticle concentration
was necessary to induce production of pAkt when no excipients were included. Faster diffusion
and degradation of the matrix could have released more IGF1 at lower nanoparticle
concentrations. Activation of pAkt declined to undetectable levels after two serial dilutions using
nanoparticles formulated with BSA and PPG-PEG-PPG-PLGA. The amount of surface
associated IGF1 may have decreased below the levels necessary to stimulate the signaltransduction pathway. Lower diffusion and slower degradation of the matrix may have limited
the amount of IGF1.

We observed differences in the amount of pAkt activation over time. In nanoparticles prepared
without excipient, with PPG, and PPG-PEG-PPG-PLGA, there was enough IGF1 located either
on or just below the surface to stimulate the cells within five minutes (Fig. 8a, 8b, and 8d).
Continuous release from the surface and diffusion from the bulk of the nanoparticle resulted in
persistent activation of pAkt up to 24 hours. In nanoparticles prepared with BSA, barely
detectable amounts of pAkt were seen despite a high initial burst quantified by ELISA (Fig. 8c).
The excess amount of BSA may have temporarily prevented IGF1 from binding with its receptor
on the cell membrane. Akt activity declined after 2 hours before increasing when cells were
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incubated with nanoparticles prepared with the multi-block polymer (Fig. 5d). The amount of
IGF1 loosely associated with the surface or diffusing from the nanoparticle was not enough to
stimulate the cells. After two hours, more IGF1 diffused from the nanoparticles as the matrix
degraded.

Polymeric nanoparticles encapsulated with IGF1 provide a promising strategy to locally delivery
IGF1 to salivary gland cells for at least one day. More work is needed to evaluate the potential of
this system for long-term delivery lasting several weeks. A nanoparticle-based drug delivery
system could replace the systemic injections of IGF1 that are administered multiple times over
the course of treatment following radiation exposure.
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Chapter 3. Synthesis and Characterization of Polymeric Nanoparticles Encapsulated with
Trypsin

3.1. Abstract
In this work, the effects of nanoencapsulation and release on the activity of trypsin and pegylated
trypsin in polymeric nanoparticles were investigated. Trypsin was modified with poly(ethylene
glycol) to determine whether pegylation enhances the encapsulation efficiency or prolongs the
enzymatic activity from nanoparticles. The enzyme was encapsulated in biodegradable
nanoparticles of poly(D,L-lactide-co-glycolide) (PLGA) using a double emulsion solvent
evaporation method. Scanning electron microscopy (SEM) analysis confirmed nanoparticle size
with an average diameter of 89-105 nm depending on the modification of the protein. The zeta
potential for all nanoparticle preparations were determined with values less than -16 mV. Protein
release kinetics were evaluated with a bicinchoninic acid assay. The kinetics of the released
trypsin showed two stages of release, an apparent first burst of protein followed by a slow
diffusion through the nanoparticle. In vitro studies confirmed continuous release of trypsin for
four hours. Unmodified trypsin retained its activity during the encapsulation process and then
gradually lost its activity over 2 days as it was released into the surrounding buffer.

3.2. Introduction
Recombinant proteins and peptides are becoming an important class of medicine in the treatment
of diseases because of their high biological activity, specificity, and selectivity.75 Low
concentrations of proteins selectively bind to ligands with high affinity to induce a
physiologically relevant response. Enzymes are proteins that accelerate biochemical reactions in
the body. Despite their great potential as therapeutics, the delivery of proteins and peptides is
challenging due to their low bioavailability and short half-lives in systemic circulation.66,196,197
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Adsorption of proteins in the gastrointestinal tract is limited by their high molecular weights,
high hydrophilicity, and low lipophilicity. Nanoscale systems have been developed to overcome
the challenges of oral delivery of proteins in order to preserve the structure and function of
proteins, prevent side effects, and increase bioavailability for long periods of time. Encapsulated
proteins evenly distributed within polymeric nanoparticles are protected from premature
degradation by intestinal enzymes and low pH environments in the digestive tract.159,196
Copolymers of poly(DL-lactide-co-glycolide) (PLGA) are commonly used since they are
biodegradable and biocompatible.160–163 The degradation rate of PLGA micro- and nanoparticles
can be controlled by varying molecular weight or the ratio of lactic acid and glycolic acid in the
copolymer.140

Trypsin, an enzyme, has been successfully encapsulated in different types of micro- and
nanocarriers.198–207 Polyanhydride microspheres protected trypsin from activity loss and released
the protein at a near-constant rate (Tabata, et al., 1993).198 In order to overcome the rapid
diffusion of trypsin in aqueous media, the protein was cross-linked in calcium alginate
microspheres.199 The function and structure of trypsin was preserved after encapsulation in
spermine alginate microcapsules.200 The activity of trypsin increased after immobilization within
linolenic acid modified chitosan nanoparticles.201,202 Co-precipitation was used to load trypsin
into particles made with 2-methoxyethanol hemiesters of poly(maleic anhydride-alt-butyl vinyl
ether).203 Block copolymers of polystyrene and poly(acrylic acid) were used to prepare
nanoparticles loaded with trypsin.204 PLGA nanoparticles loaded with methyl trypsin were
prepared and used to clean contact lens.205 Trypsin was passively adsorption within the pores of a
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mesoporous material.206 Layer-by-layer encapsulation of intact trypsin was achieved by
electrostatic attraction between the protein and humic substance.207

Double emulsion solvent evaporation is one technique that could be used to encapsulate a
hydrophilic compound within a polymeric matrix. The primary and secondary emulsions are
formed using either ultrasonication or mechanical homogenization. The high shearing required
for nanoparticle formation could disrupt the structure and, therefore, the function of a protein.
Trypsin was used as a model protein to measure the change in activity at different stages in the
double emulsion process – before, during, and after. Poly(ethylene glycol) (PEG) was covalently
attached to the lysine groups on the surface of trypsin. Previous studies have demonstrated
PEGylated trypsin has increased activity and retains activity longer than unmodified trypsin.208

The purpose of this study was to prepare and characterize a drug delivery system for the
controlled release of trypsin. We hypothesized that the activity of trypsin would be preserved
during and after encapsulation for up to two days. We also hypothesized that PEGylation of
trypsin would increase the encapsulation efficiency within PLGA nanoparticles. In this work, we
modified the surface of trypsin with PEG. We encapsulated unmodified and modified trypsin in
polymeric nanoparticles, quantified its release kinetics, and investigated the bioactivity of trypsin
during and after encapsulation. The effect of PEGylation was determined. Our data suggest that
polymeric nanoparticles can be used as drug delivery systems for active trypsin.
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3.3. Methods
3.3.1. Materials
Trypsin, polyvinyl alcohol (PVA), tris hydrochloride, poly(ethylene glycol) methyl ether
(MW 5000) and Nα-Benzoyl- DL -arginine p-nitroanilide hydrochloride (DL-BAPNA) were
purchased from MilliporeSigma (St. Louis, Missouri, United States). Poly(DL-lactic-co-glycolic
acid) was purchased from Purac Corbion (Lenexa, Kansas, United States). Ethyl acetate and
dimethyl sulfoxide (DMSO) were purchased from Fisher Scientific (Waltham, Massachusetts,
United States). Trehalose was obtained from Research Products International (Mount Prospect,
Illinois, United States). The Pierce BCA Protein assay kit was purchased from Thermo Fisher
Scientific (Waltham, Massachusetts, United States).

3.3.2. Synthesis of PEG-Cl
Approximately 12 g of poly(ethylene glycol) methyl ether was melted in a 60 °C oil bath. Two
milliliters of thionyl chloride was added to this polymer melt. The mixture was heated with
stirring under nitrogen atmosphere for 6 hours. The chlorinated polymer was precipitated in 500
mL of absolute ethanol at 4 °C overnight. The polymer was filtered and washed with 500 mL of
ethanol to remove excess thionyl chloride. The chlorinated polymer (PEG-Cl) was dried at room
temperature overnight in a vacuum desiccator.

3.3.3. Surface modification of trypsin
Approximately 5 mg of trypsin and 125 mg of PEG-Cl were dissolved in 5 mL of 0.02 M CaCl2
(Abuchowski & Davis, 1979). The calcium chloride solution inhibits the activity of trypsin in an
aqueous solution (Gorini, 1951). Two drops of 1 M sodium hydroxide was added. The reaction
proceeded for one hour at 4 °C with stirring. Excess PEG-Cl was removed using ultrafiltration
with a Vivaspin 6 (MW 30,000). The protein solution was washed with water three times.

66

3.3.4. Characterization of modified trypsin
A protocol for quantification of primary amines on the protein surface was used to determine
whether PEG was covalently attached to the surface. Samples of unmodified and modified
trypsin were dissolved in 0.1 M sodium bicarbonate buffer, pH 8.5 at a concentration of 20
µg/mL. Glycine was used as an external standard in a concentration range of 2.5 – 20 µg/mL in
the same sodium bicarbonate buffer. The protein and standard samples were incubated with
2,4,6-trinitrobenzene sulfonic acid for two hours at 37 °C. The reaction was quenched upon
addition of 10% sodium dodecyl sulfate and hydrochloride acid. The absorbance was measured
at 335 nm.

Visualization of pegylated protein was performed with a barium iodide stain after running
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). SDS-PAGE
experiments were carried out on a Mini-PROTEAN II electrophoresis cell (Bio-Rad, Hercules,
California). The system was run at room temperature. The system was programmed to apply a
constant voltage of 200 V. Discontinuous polyacrylamide gels consisting of a 12% separating gel
and 4% stacking gel. The gels were prepared and run according to the Bio-Rad protocol.209
Precision Plus Protein Unstained Standards were used as molecular weight standards with
molecular masses from 10 to 250 kD (Bio-Rad, Hercules, California). Prior to loading on the gel,
the protein were diluted with Laemmli sample buffer (Bio-Rad, Hercules, California) containing
2-mercaptoethanol (Sigma Aldrich, St. Louis, Missouri, United States). After electrophoresis, the
gel was soaked in a fixing solution (50% methanol, 10% acetic acid, and 40% water) containing
0.1% Coomassie blue R-250 (Sigma Aldrich, St. Louis, Missouri, United States) for 30 minutes.
The gel was washed three times with a solution of 40% methanol/10% acetic acid. Each wash
67

lasted 30 minutes. The gel was washed with deionized water for 30 minutes. The gel was soaked
in a 5% barium chloride solution for 15 minutes followed by a rinse with deionized water. The
gel was then soaked in an iodine/potassium iodide (0.05 M/0.15 M) solution for 30 minutes. A
scanner was used to image the stained gel.210,211

3.3.5. Synthesis of nanoparticles loaded with trypsin
Nanoencapsulation of unmodified and modified trypsin was performed by solvent extraction
from a W1/O/W2 – emulsion. In general, 0.5 mL of an internal aqueous phase containing 5 mg of
protein in distilled water was emulsified in 5 mL of a solution containing 60 mg of PLGA in
ethyl acetate. The water/oil phase was emulsified by ultrasonication (20% amplitude, Qsonica,
Newton, Connecticut, United States). To this primary emulsion, 10 mL of a 5% (w/v) aqueous
PVA solution was added to stabilize the nanoparticles. The water/oil/water phase was emulsified
by ultrasonication (40% amplitude). The organic solvent was evaporated with stirring for four
hours. The resulting nanoparticles were isolated and purified with dynamic dialysis (1000 kDa
MWCO, Spectrum Labs, Waltham, Massachusetts, United States). The dialysis water was
changed regularly for 48 hours. Trehalose was added to the final suspension to stabilize the
nanoparticles during lyophilization and to protect the protein from inactivation during
lyophilization and storage (Fonte, et al., 2016). Finally, the aqueous suspension was frozen at -20
°C and lyophilized for 48 hours.

3.3.6. Characterization of nanoparticles
The morphology of the nanoparticles were observed using a scanning electron microscope
(SEM), (S-48000 HR-SEM), Hitachi, Tokyo, Japan). Lyophilized nanoparticles were deposited
on conductive carbon tape. The sample was sputter coated with platinum under an argon
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atmosphere (Hummer 6.2 sputtering system, Anatech USA, Hayward, California, United States).
Platinum coating was sputtered at 10 mA for 80 seconds and observation was performed at 15.0
kV under an argon atmosphere. Size, size distribution, and zeta potential of the nanoparticles
were determined with dynamic and electrophoretic light scattering (Zetasizer Nano ZSP,
Malvern Instruments, Herrenberg, Germany).

3.3.7. Quantification of trypsin activity before encapsulation
Trypsin standards were dissolved in 0.05 M Tris-HCl buffer, pH 8.5, in a concentration range of
0.32 – 156 µg/mL. Approximately 0.6 mL of the enzyme solution was mixed 0.2 mL of 10 mM
DL-BAPNA in DMSO and 0.2 mL of Tris-HCl buffer. The absorbance was measured at 410 nm
for 14 minutes.

3.3.8. Quantification of trypsin activity during encapsulation
Lyophilized nanoparticles loaded with trypsin and lyophilized nanoparticles without trypsin were
resuspended in 0.05 M Tris-HCl buffer at a concentration of 4 mg/mL. Trypsin standards were
dissolved in 0.05 M Tris-HCl buffer, pH 8.5, in a concentration range of 0.32 – 156 µg/mL. To
approximately 0.8 mL of the diluted nanoparticle suspension was mixed 0.2 mL of 10 mM DLBAPNA in DMSO and 0.2 mL of Tris-HCl buffer. The absorbance was measured at 410 nm for
14 minutes.

3.3.9. Quantification of trypsin activity after encapsulation
Lyophilized nanoparticles loaded with trypsin and lyophilized nanoparticles without trypsin were
resuspended in 0.05 M Tris-HCl buffer at a concentration of 40 mg/mL. Approximately 1 mL of
the nanoparticle suspension was transferred into a Float-a-Lyzer G2 dialysis device (300 kDa
MWCO, Spectrum Labs, Waltham, Massachusetts, United States). The dialysis device was
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incubated in 10 mL of Tris-HCl buffer at 37 °C. Approximately 9 mL of the incubation media
was removed after 0, 4, 8, 12, 24, and 48 hours and then replaced with 9 mL of Tris-HCl buffer.
The samples were frozen until needed for analysis. Approximately 0.6 mL of the trypsin samples
was mixed 0.2 mL of 10 mM DL-BAPNA in DMSO and 0.2 mL of Tris-HCl buffer. The
absorbance was measured at 410 nm for 14 minutes.

3.3.10. Quantification of released protein content
The release samples collected over the course of 48 hours were analyzed for protein content
using a bicinchoninic acid assay (BCA assay) (Fig. 9). Approximately 0.1 mL of the trypsin
sample was incubated with 2 mL of BCA reagent at 60 °C for 30 minutes. The solutions were
rapidly cooled to room temperature in an ice bath. The absorbance was measured at 562 nm.
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Figure 9. Schematic of BCA assay. The nitrogens along the peptide backbone of the protein
reduce Cu2+ to Cu1+. The reduce copper ion complexes with two molecules of bicinchonic acid to
form a pale violet complex that absorbs at 562 nm.

3.4. Results
The aim of this study was to encapsulate trypsin in PLGA nanoparticles and assess their activity
before, during, and after encapsulation using a DL-BAPNA assay.
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3.4.1. Characterization of trypsin-loaded nanoparticles

Table 2. Characteristics of control and trypsin loaded nanoparticles. Data for blank NPs and
trypsin-loaded NPs in the table represent mean ± SE (n=3).

The prepared nanoparticles had a moderate size distribution (PDI ≥ 0.20) and the control
nanoparticles had an average diameter of 101.2 nm (Table 2). The trypsin-loaded nanoparticles
had a slightly narrower size distribution (PDI < 0.19) with an average diameter of 105.3 nm
(Table 2). Both the control and trypsin nanoparticles had a negative surface charge, indicated by
a zeta potential of -16.2 mV and -18.6 mV, respectively. The pegylated trypsin-loaded
nanoparticles had a similar size distribution (PDI < 0.19) with an average diameter of 89.0 nm.
The surface charge of the nanoparticles encapsulated with pegylated trypsin had a zeta potential
of -19.8 mV.
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Figure 10. SEM image of trypsin loaded NPs

All formulations generated nanoparticles with a smooth external surface based on the SEM
images. The nanoparticles appear aggregated and elongated. The mean encapsulation efficiency
for the nanoparticles encapsulated with unmodified trypsin was 84.7 ± 29.8% as measured with
the BCA assay (Table 2).

3.4.2. Characterization of pegylated trypsin
A TNBS assay was used to determine whether the PEG covalently attached to the surface of
trypsin by qualitatively measuring the absorbance of the free amino groups on the surface of the
protein. Unmodified trypsin had an absorbance of about 0.374 at 335 nm while the pegylated
trypsin had an absorbance of about 0.150 (Fig. 10). The decrease in absorbance indicates a
reduction in the number of free amines on the surface of trypsin. The staining of unmodified
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trypsin and pegylated trypsin in the presence of Coomassie blue R-250 stain and iodide stain
were compared (Fig. 11).

Figure 11. Absorbance curves resulting from TNBS assay on unmodified and pegylated trypsin.

The molecular weight of native trypsin is approximately 23.3 kDa. There are strong bands
stained with Coomassie blue for the unmodified trypsin and weak bands for the pegylated trypsin
just under the 25 kDa protein standard. Native trypsin can cleave other native trypsins at the LysSer linkage to produce α-trypsin.212 Two bands stained with Coomassie blue can be seen at 10
and 15 kDa for both unmodified and modified trypsin indicating the autolysis products are
present (Figure 12). However, the Coomassie blue bands for the pegylated trypsin at 10 kDa are
weaker than those of the unmodified trypsin. Iodide staining results in an orange color in the
presence of PEG. The attachment of PEG to trypsin was successful as demonstrated by the
orange bands in lanes 3 and 4.
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Figure 12. SDS-PAGE analysis of PEGylated trypsin. Samples run on a reducing 12% gel,
stained for total protein with Coomassie blue R-250, and stained for PEG with iodide. Lanes 1
and 6: Bio-Rad Precision Plus Unstained Protein Standard; Lanes 2 and 5: unmodified trypsin;
Lanes 3 and 4: PEGylated trypsin.

3.4.3. Release rates of unmodified trypsin from nanoparticles
The release of encapsulated trypsin from nanoparticles is one of the most important factors for
localized controlled drug delivery. Based on the experimental release profiles, unmodified
trypsin release seems to occur in two phases: first, an initial burst of protein located on or near
the surface (≤ 12 hours) and second, enhanced diffusion due to degradation of polymeric matrix
(after 12 hours) (Fig. 13).
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Figure 13. Cumulative release of trypsin from PLGA nanoparticles as measured by the
bicinchoninic acid assay.

3.4.4. Enzymatic activity of trypsin before encapsulation
The results for the activity of unmodified trypsin that has not been encapsulated is shown in Fig.
12. The highest trypsin standard (156 µg/mL) completely consumes the DL-BAPNA substrate
within 3 minutes. Activity can be measured for trypsin concentrations as low as 0.32 µg/mL. The
highest concentration of pegylated trypsin standard (156 µg/mL) has an activity of 0.9527
nmol/min. Activity can be measured for modified trypsin concentrations down to 0.3 µg/mL
(Fig. 14 and Table 3).
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Figure 14. Enzyme kinetics for different trypsin concentrations with a constant substrate
concentration
Concentration of Trypsin
(µg/mL)

Trypsin activity
(µmol/min)

156.3

0.953 ± 0.043

78.1

0.503 ± 0.035

39.1

0.250 ± 0.019

19.5

0.101 ± 0.007

9.8

0.040 ± 0.004

4.9

0.023 ± 0.002

2.4

0.010 ± 0.001

1.2

0.005 ± 0.00004

0.6

0.002 ± 0.00001

0.3

0.001 ± 0.0001

Table 3. Activity of non-encapsulated trypsin
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3.4.5. Enzymatic activity of trypsin in nanoparticles
To study the enzymatic activity of unmodified trypsin encapsulated in PLGA nanospheres,
trypsin was encapsulated and its activity was followed for 2 days. The results (Fig. 15) show that
the enzyme remained active during encapsulation. The activity of protein was 33.6 nmol/min.
The trypsin released from the surface of the nanoparticle immediately after resuspension in
aqueous media exhibited low activity (0.0156 nmol/min). The activity increased after four hours
to 0.0694 nmol/min. The activity continued to decrease from 0.0196 nmol/min at 8 hours to
0.0043 nmol/min after 48 hours.

Figure 15. Enzyme kinetics for trypsin released from nanoparticles at different time points.

To study the enzymatic activity of modified trypsin encapsulated in PLGA nanospheres, trypsin
was encapsulated and its activity was followed for 2 days. There was no detectable activity of
pegylated trypsin over the course of 48 hours.
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3.4.6. Activity of trypsin over time
The activity of unmodified trypsin after incubation for 48 hours at 37 °C was measured. The
freshly prepared trypsin sample completely consume the substrate within 11 minutes. After four
hours, the activity dropped to 2.16 nmol/min. The enzymatic activity continued to decrease until
it couldn’t be detected at 48 hours (Fig. 16).

Figure 16. Activity of non-encapsulated trypsin incubated at 37 C for two days

3.4.7. Enzymatic activity of pegylated trypsin before encapsulation
The results for the activity of modified trypsin that has not been encapsulated is shown in Fig.
16. The highest trypsin standard (156 µg/mL) does not completely consumes the DL-BAPNA
substrate within 14 minutes; the maximum absorbance is about 0.31. Activity can be measured
for pegylated trypsin concentrations as low as 9.8 µg/mL. The highest concentration of pegylated
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trypsin standard (156 µg/mL) has an activity of 0.2163 nmol/min. Activity can be measured for
modified trypsin concentrations down to 9.8 µg/mL (Fig. 17 and Table 4).

Figure 17. Enzyme kinetics for different pegylated trypsin concentrations with a constant
substrate concentration

Concentration of
pegylated trypsin (µg/mL)

Pegylated trypsin activity
(µmol/min)

156.3

0.216 ± 0.001

78.1

0.098 ± 0.002

39.1

0.048 ± 0.001

19.5

0.019 ± 0.0002

9.8

0.007 ± 0.0000

Table 4. Activity of non-encapsulated pegylated trypsin
3.5. Discussion
The present study demonstrates that the double emulsion solvent evaporation technique is
promising for nanoencapsulation. The enzyme remains active while it is still encapsulated within
the polymeric nanoparticle. The three-dimensional structure of the protein was maintained while
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it was embedded within the polymeric matrix. Enzymatic activity was maintained because of the
preservation of the structure. The protein was oriented in such a way within the particle that the
active site was accessible to the substrate. To cleave DL-BAPNA, the structure of trypsin has to
change slightly. This indicates that the enzyme is labile within the polymeric matrix. Although
the protein interacts with the polymer through hydrophobic interactions, these interactions do not
destabilize the structure. Trypsin (pI = 10.5) is positively charged in the internal aqueous phase
(pH 7) while PLGA is negatively charged. The high encapsulation efficiencies support the idea
of electrostatic attraction between unmodified trypsin and PLGA. More ionic interactions
between the protein and polymer would probably produce smaller nanoparticles as the polymer
chains repel each other less. There are other processing parameters that would affect the particle
size, but the hydrophobic and ionic interactions between the protein and PLGA could play a
small part.213,214 Immobilized enzymes tend to be more robust than enzymes in aqueous solution
because they are less prone to degradation.215–218

The amount of unmodified trypsin released from within the nanoparticles was quantified using a
BCA assay. The concentration of trypsin appeared to increase with time based on the
absorbance. PVA may have interfered with the results because the control nanoparticles also
produced a color change with the BCA reagent (Fig. 18).219 The high molecular weight cutoff of
the dialysis device probably allowed the diffusion of PVA into the incubation buffer. This
reagent interacts with peptide bonds within the protein, but it can also interact with the alcohol
groups on PVA. It seems that dialysis did not efficiently remove the PVA from the nanoparticle
suspensions. The SEM images partially validate that conclusion as the nanoparticles were
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embedded in a solid matrix of some sort. An improved purification method needs to be
developed that balances the need for PVA removal with high recovery of nanoparticles.

Figure 18. Possible structures for complexes between PVA and Cu2+ in an aqueous solution.219

The activity of unmodified trypsin immediately released from the nanoparticles was relatively
low because of the low protein concentration. The measured enzymatic activity increased at 4
hours but continually decreased over the course of the experiment. However, it was expected that
the protein concentration and activity would increase with time. The cumulative amount of
trypsin did increase over the course of 48 hours, but the activity of the released protein was low,
indicating loss of activity. The degradation products, lactic acid and glycolic acid, of the
polymeric matrix did not change the pH. It seems that the autolysis of trypsin at 37 °C causes the
loss of significant activity. The increase in activity seen at 4 hours indicates that the PLGA
nanoparticles do provide some protection. However, the enzymes rapidly lose activity once they
are no longer immobilized within the polymer.
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Covalent modification of trypsin with PEG was thought to increase the activity and stabilize the
protein. However, the same concentration of modified enzyme exhibited significantly less
activity than the unmodified enzyme at the same concentration. This loss of activity could be
explained by obstruction of the active site with PEG. The covalent attachment of PEG to the
surface of trypsin may have sterically hindered the active site of the modified trypsin. The
substrate, DL-BAPNA, may have been unable to access the obstructed active site. Some
proportion of the pegylated trypsin was unable to cleave the substrate. Another explanation could
be that a molar equivalent amount of modified trypsin was not initially encapsulated. Covalent
attachment of even one PEG molecule would increase the molecular weight of pegylated product
by 5,000 g/mol. Since the initial amount of trypsin and modified trypsin was determined by mass
(5 mg), a single PEG molecule covalently attached to the protein would reduce the amount of
trypsin from 0.214 µmol to 0.177 µmol. The initial amount of trypsin would be less which would
affect the drug loading. A colorimetric assay was used to determine if PEG was covalently
attached by measuring a decrease in absorbance. A decrease in absorbance indicated that linkage
of PEG reduced the free amines on the surface of trypsin. SDS-was performed to roughly
determine the molecular weight of the modified trypsin and autolysis products. The Coomassie
blue bands just under 25 kDa for the pegylated trypsin are weaker than the bands for the
unmodified trypsin. The decrease in staining indicates that there is less of the trypsin in its native
conformation after the conjugation procedure. Native trypsin can cleave the DL-BAPNA
substrate while α-trypsin cannot. There must have been significant autolysis during the
pegylation process to result in such a small amount of native trypsin as seen on the SDS-PAGE.
The concentration of calcium ions may have been too low to fully inhibit the activity of trypsin
during the conjugation procedure.
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No activity could be measured in the pegylated protein released from the PLGA nanoparticles.
Since the activity of the free protein was significantly lower than that of the unmodified trypsin,
it would stand to reason that it would be difficult to measure the activity of pegylated trypsin
released from the protein if the concentration was less than 9.8 µg/mL.

Polymeric nanoparticles encapsulated with trypsin provide a promising strategy to delivery this
protein as an oral therapeutic. More work is needed to evaluate whether autolysis of trypsin was
the definitive reason for the loss of activity after four hours. A nanoparticle-based drug delivery
system could overcome the barriers to oral administration of protein therapeutics.
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Chapter 4. Synthesis and Characterization of Polymeric Nanoparticles Encapsulated with
Anticancer Drugs

4.1. Abstract
In this work, the effects of nanoparticle processing and theoretical drug loading on the
encapsulation of OSI-420 and AZD9291. These anticancer agents for the treatment of non-smallcell lung cancer were encapsulated in biodegradable particles of poly(DL-lactide-co-glycolide)
(PLGA) and poly(ethylene glycol)-PLA using either double emulsion solvent evaporation or
nanoprecipitation. The average particle size of particles formed using double emulsion solvent
evaporation 85-91 nm while those formed using nanoprecipitation were larger at 116 nm. The
zeta potential indicated all nanoparticles were stable in solution. The encapsulation efficiencies
of both anticancer drugs remained low despite the utilization of techniques designed to load
hydrophobic drugs. Drug-loaded particles were not cytotoxic to nCI-H1650 cells.

4.2. Introduction
Conventional delivery of chemotherapy agents for the treatment of cancer suffers from the
inability to deliver the drug to the tumor site in sufficient quantity while sparing healthy tissues
from unwanted side effects. Nanotechnology offers the potential to improve the efficacy and
safety of chemotherapeutics by concentrating and delivering smaller doses of drug to the tumor.
Drugs with a narrow therapeutic window could be administered more efficiently while reducing
the probability of exceeding the maximum exceeded dose. A growing number of nanoparticlebased drug delivery systems are currently in development or have already been approved.220
Liposomes were one of the first nanocarriers to be developed for the delivery of cancer
therapeutics. Liposome-encapsulated doxorubicin (DOXIL) reduced the cardiac muscle damage
caused by free doxorubicin.221 Liposomes and polymeric micelles have been designed to delivery
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cytotoxic agents that target DNA or tubulin formation.220,222 As of yet, nanotechnology has not
been applied to kinase inhibitors that block signal transduction pathways critical for cancer cell
survival.

Non-small-cell lung cancer makes up 85% of all lung cancer diagnoses.223 Epidermal growth
factor receptor (EGFR) is overexpressed in non-small-cell lung cancer.224 Multiple signal
transduction pathways are activated upon binding of ligands such as epidermal growth factor and
tumor growth factor α to this receptor.225,226 Activation of those pathways increase cell
proliferation or decrease cell death.227,228 Preventing the downstream signaling that results in cell
proliferation offers is one method for treating non-small-cell lung cancer. EGFR tyrosine kinase
inhibitors block the activation of the EGFR receptor by binding to the kinase domain on the
intracellular side of the protein.229

Erlotinib is a small molecule that inhibits phosphorylation of downstream targets in the EGFR
pathway.229 Oral administration of erlotinib is limited to 150 mg/day to reduce the incidence of
side effects.230 Non-small-cell lung cancers that develop resistance to erlotinib gain a mutation
on the EGFR receptor – T790M – within one to two years of treatment.231,232 Osimertinib was
developed to block signal transduction in the mutated EGF receptor.

The purpose of this work was to prepare and characterize a dry delivery system for the controlled
release of erlotinib and osimertinib individually and in combination. To optimize the erlotinib
and osimertinib load, we used a nanoprecipitation method to increase the encapsulation
efficiency. We hypothesized that nanoformulations combining erlotinib and osimertinib would
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increase the efficacy of the drugs. Our data suggest that the formulation needs to be optimized
for enhanced inhibition of EGFR.

4.3. Methods
4.3.1. Materials
OSI-420 (active metabolite of erlotinib) and AZD9291 (osimertinib) were purchased from
Selleckchem (Houston, Texas, United States). Poly(DL-lactic-co-glycolic acid) was purchased
from Purac Corbion (Lenexa, Kansas, United States). Pluronic F-68, polyvinyl alcohol (PVA),
N-hydroxysuccinimide (NHS), ethyl ether , chloroform, triethylamine, and ammonium acetate
were purchased from Sigma Aldrich (St. Louis, Missouri, United States). Dimethyl sulfoxide
(DMSO), acetone, ethyl acetate, dichloromethane, methanol, 1-ethyl-3-(3dimethylaminopropyl)-carbodiimide (EDC) and acetonitrile were purchased from Fisher
Scientific (Waltham, Massachusetts, United States). Methoxy polyethylene glycol amine
(mPEG-NH2) with a molecular weight of 2,000 was purchased from Nanocs (New York, New
York, United States).

4.3.2. Synthesis of PEG-PLGA
PEG-PLGA was synthesized by covalent attachment of mPEG-NH2 to PLGA-COOH (Fig.
19).234 Approximately 5 g of carboxyl-terminated PLGA was dissolved in 10 mL of
dichloromethane. To this polymer solution, 233 mg of EDC and 149 mg of NHS were added.
The reaction proceeded for 12 hours at room temperature and under nitrogen atmosphere. PLGANHS ester was precipitated in 5 mL of ethyl ether and washed three times in a cold 50:50
mixture of ethyl ether and methanol to remove excess NHS and EDC. Dissolve 5 g of the PLGANHS ester in 20 mL of chloroform followed by addition of 1.25 g of mPEG-NH2 and 0.123 mL
of triethylamine. The reaction proceeded for 12 hours at room temperature. The copolymer was
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washed with methanol three times to remove unreacted mPEG-NH2. The resulting block
copolymer was dried in a vacuum dessicator overnight.234

Figure 19. Schematic of PEG-PLGA synthesis.

4.3.3. Characterization of PEG-PLGA
Proton Nuclear magnetic resonance (1H NMR) was used to characterize the synthesized PEGPLGA. Samples of PLGA, mPEG, and PEG-PLGA were dissolved in deuterated chloroform
with tetramethylsilane as a standard at a concentration of 10 mg/mL. The samples were run on a
Brucker AVIII-400 (400 MHz) (Billerica, Massachussetts).
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4.3.4. Single emulsion solvent evaporation technique for nanoparticle preparation
Nanoencapsulation of OSI-420 and AZD9291 separately was performed using the single
emulsion solvent evaporation technique. Approximately 0.24 mL of 1 mM OSI-420 in DMSO
and 0.2 mL of 1 mM AZD9291 in DMSO were added to a solution of 60 mg of PLGA in 5 mL
of ethyl acetate. Ten milliliters of 5% PVA was added to the organic phase. This mixture was
emulsified by ultrasonication for 1 minute at 40% amplitude (Qsonica, Newton,
Connecticut,United States). The particle suspension was stirred for four hours to remove the
organic solvent. The resulting particles were isolated and purified with dynamic dialysis (1000
kDa MWCO, Spectrum Labs, Waltham, Massachusetts, United States). The dialysis water was
changed regularly for 48 hours. Trehalose was added to the final suspension to stabilize the
nanoparticles during lyophilization and storage (Fonte, et al., 2016). Finally, the aqueous
suspension was frozen at -20 °C and lyophilized for 48 hours.

4.3.5. Nanoprecipitation technique for nanoparticle preparation
Nanoencapsulation of OSI-420 and AZD9291 separately was performed using the
nanoprecipitation technique. Approximately 1 mg of OSI-420 and AZD9291 were individually
dissolved in 0.9 mL of DMSO. The drug solutions were mixed with a solution containing 60 mg
of PEG-PLGA in acetone. This organic phase was transferred to a 10 mL glass syringe and
added dropwise at a rate of 0.5 mL/min into a stirred solution 100 mL of 1% Pluronic F-68 that
was heated to 50 °C (800 rpm). The particle suspension was stirred for four hours to remove the
organic solvent. The resulting particles were isolated and purified with dynamic dialysis (1000
kDa MWCO, Spectrum Labs, Waltham, Massachusetts, United States). The dialysis water was
changed regularly for 48 hours. Trehalose was added to the final suspension to stabilize the
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nanoparticles during lyophilization and storage (Fonte, et al., 2016). Finally, the aqueous
suspension was frozen at -20 °C and lyophilized for 48 hours.

4.3.6. Characterization of nanoparticles
The morphology of the nanoparticles were observed using a scanning electron microscope
(SEM), (S-48000 HR-SEM), Hitachi, Tokyo, Japan). Lyophilized nanoparticles were deposited
on conductive carbon tape. The sample was sputter coated with platinum under an argon
atmosphere (Hummer 6.2 sputtering system, Anatech USA, Hayward, California, United States).
Platinum coating was sputtered at 10 mA for 80 seconds and observation was performed at 15.0
kV under an argon atmosphere. Size, size distribution, and zeta potential of the nanoparticles
were determined with dynamic and electrophoretic light scattering (Zetasizer Nano ZSP,
Malvern Instruments, Herrenberg, Germany).

4.3.7. Quantification of total anticancer drug loading
A high performance chromatography method was developed to quantify the total amount of OSI420 and AZD9291 encapsulated in PLGA and PEG-PLGA nanoparticles (Masters, et al., 2007).
Separation and detection of OSI-420 and AZD9291 was achieved using reverse phase
chromatography at ambient temperature using a Phenomenex C18 column. The mobile phase
consisted of acetonitrile:5 mM ammonium acetate (45:55, v/v). The flow rate was 0.6 mL/min. .
The particles were dissolved in 750 µL of DMSO for 30 minutes. Approximately 50 µL of the
DMSO solution was injected onto the column. The column effluent was monitored at 345 nm
using the UV detector on the Agilent 1100 series of HPLC. The peak area was used for
quantification. The calibration curve for OSI-420 and AZD9291 was generated using standards
dissolved in DMSO.
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4.3.8. Cytotoxicity assays for anticancer drugs from polymeric particles
NCI-H1650 cells were seeded at 5000 cells per well on a 96-well plate. After an overnight
incubation, 10.3 mg of lyophilized OSI-420 PEG-PLGA particles prepared using
nanoprecipitation were resuspended 1.683 mL of DMEM cell media containing penicillin
streptomycin. Approximately 51.9 mg of lyophilized AZD9291 PLGA particles prepared using
double emulsion solvent evaporation were resuspended in 1.671 mL of DMEM cell media with
antibiotics. Approximately 28.5 mg of lyophilized PEG-PLGA particles prepared using
nanoprecipitation were resuspended in 1.683 mL of cell media. Lyophilized control PEG-PLGA
particles prepared by nanoprecipitation were also resuspended in 1.683 mL of cell media.

Resuspended particles were applied to the cells and diluted two-fold serially for the dose
response experiments. The particles were incubated at 37 °C for four days before performing a
cell viability assay. A 0.92 mg/mL solution of phenazine methosulfate (PMS) was prepared in
DPBS and sterilized with a 0.2 µm filter. Mix 100 µL of PMS solution with 2.0 mL of [3-(4,5dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt
(MTS). Add 20 µL of MTS/PMS solution to each well and incubate for 4 hours at 37 °C. Record
the absorbance at 490 nm using a microplate reader.

4.4. Results
4.4.1. Characterization of anticancer-loaded nanoparticles
OSI-420 nanoparticles prepared using double emulsion solvent evaporation had a moderate size
distribution (PDI < 0.19), an average diameter of 87.0 nm, and a zeta potential of -21.1 mV.
AZD9291-loaded nanoparticles prepared using double emulsion solvent evaporation had a
moderate size distribution (PDI ≤ 0.20), an average diameter of 91.4 nm, and a zeta potential of 91

23.5 mV. Control nanoparticles prepared using double emulsion solvent evaporation had a
moderate size distribution (PDI < 0.18) with an average diameter of 85.6 nm (Table 4).

OSI-420 nanoparticles prepared using nanoprecipitation had a wide size distribution (PDI <
0.39), an average diameter of 116.07 nm, and a zeta potential of -27.2 mV. Nanoparticles coencapsulated with both drugs prepared using nanoprecipitation had a moderate size distribution
(PDI ≤ 0.30), an average diameter of 85.71 nm, and a zeta potential of -25.7 mV (Table 5).

Type of
nanoparticle

Size (nm)

PDI

Zeta Potential
(mV)

Encapsulation
Efficiency (%)

Control PLGA
NPs

85.85 ± 5.05

0.18 ± 0.01

-24.8 ± 0.4

-

OSI-420 loaded
PLGA NPs

87.03 ± 0.46

0.19 ± 0.03

-21.07 ± 2.67

0.56 ± 0.07

AZD9291
loaded NPs

91.35 ± 2.21

0.20 ± 0.01

-22.5 ± 1.7

24.52 ± 0.43

Table 5. Characteristics of control and anticancer drug loaded nanoparticles prepared using
double emulsion solvent evaporation. Initial drug loading was 100 ug for both OSI-420 and
AZD9291. Data for control and anticancer drug NPs in the table represent mean ± SEM (n=3).
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Type of
nanoparticle

Size (nm)

PDI

Zeta Potential
(mV)

Encapsulation
Efficiency (%)

Control PLGA
NPs

85.09 ± 4.77

0.202 ± 0.033

-29.1 ± 1.1

-

OSI-420
loaded PLGA
NPs

148.20 ± 2.66
4544.00 ± 66.46

0.33 ± 0.03

-29.43 ± 2.09

12.76 ± 0.52

AZD9291
loaded NPs

111.51 ± 15.34
3932.33 ± 557.10

0.35 ± 0.08

-29.03 ± 0.81

3.45 ± 0.60

OSI-420 and
AZD9291
loaded NPs

96.89 ± 5.95
4476.00 ± 110.49

2.59 ± 0.84 OSI420
0.297 ± 0.033

-25.7 ± 1.1
0.78 ± 0.11
AZD9291

Table 6. Characteristics of control and anticancer drug loaded nanoparticles prepared using
nanoprecipitation. Initial drug loading was 1 mg for both OSI-420 and AZD9291. Data for
control and anticancer drug NPs in the table represent mean ±

Using double emulsion solvent evaporation, the mean encapsulation efficiency for OSI-420
nanoparticles was 0.55% and the encapsulation efficiency for the AZD9291-loaded nanoparticles
was 24.52% (Table 4). Using nanoprecipitation, the mean encapsulation efficiency for OSI-420
particles was 12.76% and the encapsulation efficiency for the AZD9291-loaded nanoparticles
was 3.45%. Co-encapsulated particles had encapsulation efficiencies for OSI-420 and AZD9291
of 2.59% and 0.78%, respectively.

Particles prepared using nanoprecipitation appeared large in diameter (Fig. 23). Significant
aggregation was observed in all formulations. The particles are spherical with a roughened
surface.
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4.4.2. Characterization of PEG-PLGA
Figure 20 shows the 1H-NMR spectrum of the PLGA polymer. The peak at 1.58 ppm is
associated with the methyl groups of the lactic acid section. The peaks at 4.82 ppm are related to
the methylene groups of the glycolic acid units. The peaks at 5.21 ppm represent the presence of
the CH groups of the lactic acid section. Figure 19 shows the 1H-NMR spectrum of the mPEG
polymer.

Figure 20. NMR spectra of PLGA.

Figure 21 shows the 1H-NMR spectrum of the mPEG polymer. The peak at 3.64 is related to the
methylene groups present in mPEG.
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Figure 21. NMR spectra of mPEG.

Figure 22 shows the 1H-NMR spectrum of the PEG-PLGA polymer. In this spectrum, the same
peaks observed for PLGA are present. A new peak at 3.64 can be assigned to the methylene
groups present in PEG. The presence of all four peaks indicates that PEG was covalently
attached to PLGA.
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Figure 22. NMR spectra of PEG-PLGA.
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Figure 23. SEM images of NPs prepared using nanoprecipitation (A) control, (B) OSI-420 NPs,
(C) AZD9291 NPs and (D) NPs co-encapsulated with OSI-420 and AZD9291

4.4.3. Efficacy of anticancer particles in cell culture
The efficacy of non-encapsulated and encapsulated OSI-420 and was tested using NCI-H1650
cells which contain T790M and L858R mutations.235 Free OSI-420 decreased the cell viability to
55% at a concentration of 6 µM. The cell viability increased as the concentration increased up to
2.5 µM. The IC50 of OSI-420 is between 2.5 and 5 µM. The cell viability of exposed to free
AZD9291, and the IC50 is between 2.5 and 5 µM (Fig. 24). The cells treated with control
particles, OSI-420 loaded particles, AZD9291 loaded nanoparticles, and co-drug particles
remained viable at all concentrations.
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Figure 24. Cell viability in NCI-H1650 cells after exposure to (A) free OSI-420, (B) free
AZD9291, (C) control nanoparticles, (D) OSI-420 nanoparticles, (E) AZD9291 nanoparticles,
(F) nanoparticles co-encapsulated with OSI-420 and AZD9291.

4.5. Discussion
The present study demonstrates that single emulsion solvent evaporation and nanoprecipitation
are potential techniques for the encapsulation of hydrophobic anticancer drugs. However,
additional work needs to be done to optimize the processing parameters so that more drug is
encapsulated. Both formulation methods can encapsulate quantifiable amounts of OSI-420 and
AZD9291. However, both methods resulted in low encapsulation efficiencies. Single emulsion
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solvent evaporation utilizes the immiscibility of the organic phase and aqueous phase in order to
load hydrophobic drugs into nanoparticles. Both OSI-420 and AZD9291 could only be dissolved
in DMSO. Although DMSO is an organic solvent that is miscible with ethyl acetate, it is also
miscible with water. During the single emulsion process, the DMSO could have partitioned into
the aqueous phase taking the anticancer drugs with it. Since small amounts of PVA are necessary
to stabilize the nanoparticles after they have hardened, excess PVA is removed during the
purification process. The anticancer drugs may have been removed during dialysis since they
could have been present in the aqueous phase. Nanoprecipitation relies on the miscibility of the
aqueous and organic phases to form particles. Rapid diffusion of the organic solvent into the
dispersing aqueous phase results in precipitation of the polymer. Acetone has a boiling point of
56 °C and DMSO has a boiling point of 189 °C. Acetone will diffuse faster than DMSO once it
comes into contact with the aqueous phase. The inclusion of DMSO could have precipitation of
the PEG-PLGA block copolymer allowing the drug time to slowly leak out.
Nanoprecipitation resulted in a broader distribution of particles than single emulsion solvent
evaporation. Nanoparticles appeared to have formed immediately after complete addition of the
PEG-PLGA/drug solution to the aqueous solution based on the appearance of the suspension.
However, solid precipitates were observed on the bottom of the flask four hours after forming the
particles. The nanoparticles must have coalesced and formed microparticles as the solvent
evaporated. OSI-420 and AZD9291 must be delivered intracellularly in order to exert their
deadly actions. Microparticles are too large to be internalized so they should be removed from
the purified preparations. Large particles can be removed with a 0.2 µm filter. The encapsulation
efficiency needs to be recalculated using only the nanoparticles. Since microparticles usually
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have higher encapsulation efficiencies than nanoparticles, the reported values in Tables 5 and 6
would probably be lower.

Nanoprecipitation usually produces nanoparticles with a narrow size distribution. However, our
data suggest that inclusion of OSI-420 and AZD9291 in DMSO favors the production of large
microparticles. Nanoparticle suspensions appeared translucent immediately after addition the
organic phase. White particles could be seen after 4 hours. This observation suggests that the
nanoparticles either continue to grow or aggregate after nucleation.

More OSI-420 was encapsulated within particles prepared using the nanoprecipitation method
with an initial drug loading of 1 mg. This resulted in an encapsulation efficiency of 2.59%.
Since two variables were changed at the same time (preparation method and initial drug mass), a
definitive conclusion cannot be drawn about what is responsible for increasing the encapsulation
efficiency of OSI-420. Less AZD9291 was encapsulated within particles using the
nanoprecipitation method despite using ten times more drug in the initial encapsulation. Larger
pores would be present in large particles prepared using nanoprecipitation. The increase in
porosity could have facilitated the diffusion of AZD9291 out of the particle during the
encapsulation, hardening, and purification steps.
Non-encapsulated OSI-420 and AZD9291 reduced cell viability but not in a dose-dependent
manner. AZD9291 exhibited greater potency than OSI-420 at the 5 and 10 µM concentrations.
This observation is explained by the T790M mutation that confers resistance to erlotinib. It
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would take higher concentrations of erlotinib to inhibit the same amount of cell proliferation as
osimertinib. Encapsulated anticancer drugs did not induce cell death in NCI-H1650 cells. While
the total concentration of encapsulated drugs equaled the concentration of free drugs, a
physiological response can only be activated by relevant levels of released drug. Microparticles
were observed in the wells using microscopy, indicating that the particles are too large to be
taken up by the cells. The degradation rate of the particles may have been too slow for release of
the anticancer drugs. HPLC with UV-detection is unable to quantify the low concentrations of
anticancer drugs released over time. HPLC with tandem mass spectrometry is the standard
analytical technique to quantify OSI-420 or AZD9291 in plasma or other fluids.236–239 A
quantitative study of the release kinetics should be performed to determine when a cytotoxic
level of either OSI-420 or AZD9291 will occur.

This study is a proof-of-concept piece about the encapsulation of OSI-420 and AZD9291 in
polymeric particles. The nanoparticle formulation must be optimized in terms of size, drug
loading, initial burst, and release kinetics for a viable nanosized delivery system. Solubility
studies of OSI-420 and AZD9291 could find more volatile organic solvents that can be used in
nanoprecipitation. Substitution of PLGA and PEG-PLGA with PEG-PLA could produce
nanoparticles with more desirable properties. Glycolic acid is more hydrophilic than lactic acid.
Utilizing PEG-PLA could increase the encapsulation efficiency of these hydrophobic drugs by
increasing the number of hydrophobic interactions between the drug the and polymer. The PEG
portion should orient towards the water driving the hydrophobic drugs into the particles. More
work needs to be done to make this a viable biopharmaceutical.
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Chapter 5. μPAD Fluorescence Scattering Immunoagglutination Assay for Cancer
Biomarkers from Blood and Serum

5.1. Abstract
A microfluidic paper analytic device (μPAD) was created for the sensitive quantification of cancer
antigens, CEA and CA 19-9, from human whole blood and serum, towards diagnosis and prognosis
of colorectal cancer. Anti-CEA and anti-CA 19-9 antibodies were covalently linked to submicron,
fluorescent polystyrene particles, loaded, and then dried in the center of the μPAD channel. CEAor CA 19-9-spiked blood or serum samples were loaded to the inlet of μPAD, and subsequent
immunoagglutination changed the fluorescent scatter signals upon UV excitation. The total assay
time was about one minute. Detection limits were 1 pg/mL for CEA and 0.1 U/mL for CA 19-9
from both 10% diluted blood and undiluted serum. The use of UV excitation and subsequent
fluorescence scattering enabled much higher double-normalized intensities (up to 1.28-3.51,
compared to 1.067 with the elastic Mie scatter detection), successful detection in the presence of
blood or serum, as well as distinct multiplex assays with minimum cross reaction of antibodies.
The results with undiluted serum showed the larger dynamic range and smaller standard errors,
which can be attributed to the presence of serum proteins, functioning as a stabilizer or a
passivating protein for the particles within paper fibers.
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5.2. Introduction
Cancer is one of the leading causes of morbidity and mortality among humans throughout the
world. Early screening of biomarkers for this disease has reduced the mortality rates and thus
contributed to its prevention.240 Early monitoring is also a key to maintain a good quality of a
patient’s life, which is significantly affected by treatment modalities such as chemotherapy,
radiotherapy, and surgical resections.241

In this work, we will focus on the early screening of colorectal cancer, which is the third most
common cause of cancer death (Siegel, et al., 2012). Carcinoembryonic antigen (CEA) is an 180200 kDa glycoprotein that has been used in the diagnosis and prognosis of cancers of the stomach,
colon, rectum, pancreas, lung, breast, and medullary thyroid.242,243 In advanced colorectal cancer,
CEA can be elevated in most patients, but the levels drop after successful treatment or resection.244
The carbohydrate antigen 19-9 (CA 19-9) is another tumor marker that has been used as a
prognostic parameter for colorectal cancer.244 Early detection of these cancer markers could
increase treatment rates as well as patient survival rates.

Both CEA and CA 19-9 have been assayed from the patients’ blood to monitor colorectal cancer,
while CEA is more general cancer marker while CA 19-9 being more specific colorectal cancer
marker. The gold standard for detection and quantification of CEA and CA 19-9 in blood and
serum is an enzyme-linked immunosorbent assay (ELISA), typically performed on a microplate.
While ELISA can offer very low limit of detection and sufficient specificity, it still involves
multiple steps of loading and washing reagents and a sample, which is not an appropriate
characteristic towards point-of-care diagnostics. Simpler platforms have been suggested and
evaluated, most notably sandwich-type immunoassays performed on a lateral flow assay (LFA)
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paper strip. While commercial LFAs are available to detect various cancer markers from a human
bodily fluid such as blood, saliva, or serum, they merely provide a yes-or-no result for cancer
markers using relatively high cutoff concentration (e.g. 5 ng/mL CEA). It is possible to achieve a
lower detection limit on LFA if the sample matrix is water or buffer, as reported by Liu et al (Liu,
et al., 2014). Therefore, sample purification steps will be necessary such as centrifugation,
chromatography, and/or filtration, to adapt this LFA technology towards sensitive detection of
cancer markers from human bodily fluids.

Microfluidic paper analytical devices (μPADs) have recently drawn attraction among lab-on-achip (LOC) systems, which is a natural expansion of paper-based immunoassays (LFAs). Reduced
sample and reagent consumption, lower power consumption (flow is spontaneous), and low costs
have been reported as some of the advantages of μPADs.245 Several publications in the recent
literature have demonstrated the diverse biomedical applications of μPADs, but some of these
analytical devices have yet to achieve sufficient sensitivity when using colorimetric
detection.246,247 In addition, blood and serum are complex matrices that usually require purification
of potentially interfering substances prior to capturing the target analyte.61

LFA or μPAD assays of CEA and CA 19-9 are summarized in Table 7.248–268 While very low
detection limits were demonstrated with clean buffer (PBS) – 0.06 to 10 pg/mL for CEA and 16.3
mU/mL to 0.17 U/mL for CA 19-9, those with human serum were substantially higher – 26.5
ng/mL for CEA and 23.9 U/mL for CA 19-9. (CEA detection limit of 0.03 ng/mL in Liu et al268)
should be considered an exception, as it required the use of a syringe pump and an oven for
continuous removal of serum proteins. Even in this case, this detection limit is still substantially
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higher than those with PBS.) The detection limits of other cancer markers are quite similar to those
of CEA and CA 19-9: a few pg/mL or a few mU/mL with PBS and a few ng/mL or a few tens of
U/mL with plasma or serum. The assays from plasma and serum also required 10x - 20x
dilution.119,128,129 Sensitive quantification of cancer markers (including CEA and CA 19-9) on LFA
or μPAD has not been reported with human whole blood, to the best of our knowledge.
Pretreatments such as purification and/or isolation were necessary to achieve low limit of
detection, which would prevent the assays to be performed in near real-time and at the point of
care. Without pretreatment, detection limits were quite high and the assays merely provided yesor-no result.

Previously, bacterial detection and quantification of a single species was realized by analyzing the
angle-specific Mie scatter signal from immunoagglutinated polystyrene particles in a polydimethyl
siloxane (PDMS)-based LOC devices as well as on a μPAD.269–272 This particular method enabled
very low level of detection, typically at 10 colony forming units (CFUs; roughly correspond to 10
viable cells) per mL sample, with essentially one-step reaction towards near-real-time assay (less
than 5 min per assay). While this method has successfully been demonstrated for assaying bacteria
from myriads of samples, there exists a limitation of using this method for complex sample
matrices such as whole blood or serum on a μPAD platform. The differences in scattering
intensities were merely 5-10% between the negative and positive samples from a μPAD, since the
paper substrate is not optically transparent thus back scattering should be measured, which is
substantially weaker than forward scattering.269,272 In PDMS-based LOC devices, however,
stronger forward scattering can be used, generating bigger differences in scattering intensities (1030%).270,271 With simple sample matrices, such as bacterial culture media, urine, or wastewater,
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such small intensity differences (5-10%) could still be identified through using an appropriate
negative control and normalizing the scattering intensities.269,272,273 With whole blood or serum,
however, sample-to-sample variations are too significant to be efficiently normalized and thus
eliminated.

In this study, a one-step immunoagglutination assay for CEA and CA 19-9 in water, water with
5% bovine serum albumin (BSA), 10% diluted human whole blood, or undiluted human blood
serum is described. Fluorescence scattering detection is the main sensing modality, contrary to the
elastic Mie scatter detection in our previous work.269–272 Submicron-sized fluorescent polystyrene
particles are used with UV (ultraviolet) excitation and blue/red emission, which helps isolate target
signals from incident light in the presence of sample matrices (blood and serum). They should still
exhibit the angle-specific Mie scattering characteristics, since their submicron sizes are
comparable to the wavelengths of incident and scattered light. To make a distinction, we will refer
this new method as “fluorescence scattering” and the previous method as “elastic Mie scattering.”
A single light source (UV LED) is used to excite two different fluorescent particles, which enables
the potential for multiplex assay. In addition, UV excitation generates much stronger fluorescence
scatter signals due to their shorter wavelength and thus higher energy. The analytical performance
of this one-step procedure is tested for the clinically relevant ranges of both biomarkers (CEA and
CA 19-9)
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Table 7. Summary of LFA and μPAD assays previously reported for cancer biomarker detection
in literature. Reported techniques are categorized by sample matrix, detection method, target
analyte, and detection limit.
Sample matrix
PBS

Detection method
Electrochemical

Photoelectrochemical

Electrochemiluminescence

Chemiluminescent

Colorimetric
Artificial urine
Diluted human
serum (10x)
Human serum

Diluted human
plasma (20x)

Raman
Electrochemical
Electrochemiluminescent

Colorimetric
Fluorescent

Target analyte
CEA
AFP
CA 125
CEA
AFP
CEA
CA 125
CA 15-3
AFP
CA 125
CA 19-9
CEA
AFP
CA 15-3
CA 19-9
CEA
CEA
CA 125
CA 15-3
PSA
AFP
CA 125
CA 15-3
CA 19-9
CEA
PSA
CEA
CA 125
CEA
AFP
CA 125
CEA
CEA
CEA
mir21
AQP1
PSA

Detection limit
0.06 pg/mL
0.08 pg/mL
0.2 mIU/mL
10 pg/mL
1 pg/mL
5 pg/mL
1 pg/mL
5 pg/mL
0.05 ng/mL
0.02 U/mL
0.05 U/mL
0.05 ng/mL
2.3 pg/mL
7.1 mU/mL
16.3 mU/mL
2.1 pg/mL
1.8 pg/mL
3.6 mU/mL
3.8 mU/mL
1 pg/mL
0.15 ng/mL
37 mU/mL
26 mU/mL
0.17 U/mL
0.5 ng/mL
1.0 pg/mL
0.8 pg/mL
7.4 mU/mL
1 pg/mL
0.06 ng/mL
0.33 U/mL
0.05 ng/mL
6.5 pg/mL
2.6 pg/mL
10 nM
10 ng/mL
0.02 ng/mL

Reference

AFP
CA 125
CA 19-9
CEA
CEA
Nitrated
ceruloplasmin

7.9 ng/mL
6.2 U/mL
23.9 U/mL
26.5 ng/mL
0.03 ng/mL
8 ng/mL

257

250
251
252

253

254

255
256
257, 258

259
260
261
262
263
249
264
265
266, 267

268
248

Note. AFP = alpha-feto protein; PSA = prostate-specific antigen; AQP1 = aquaporin-1.
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5.3. Materials and Methods
5.3.1. CEA and CA 19-9 Samples
All reagents were of the highest purity available and directly used for the assay without further
purifications. All solutions were prepared using deionized water (18 MΩ cm). The CEA standards
(catalog number A01442H, Meridian Life Science Inc. Memphis, TN, USA) were prepared with
deionized water, deionized water with 5% (w/v) bovine serum albumin (BSA), diluted (10% v/v)
human whole blood (heparinated; ZenBio, Inc., Research Triangle Park, NC, USA), and undiluted
human stripped blood serum screened and found negative for serology disease state markers
(Valley Biomedical Products and Services, Inc., Winchester, VA, USA) in parallel dilutions (from
1 pg/mL to 10 ng/mL). The CA 19-9 standards (catalog number A86199H, Meridian Life Science,
Inc., Memphis, TN, USA) were prepared with deionized water, deionized water with 5% (w/v)
BSA, diluted (10% v/v) human whole blood, and undiluted human stripped blood serum in parallel
dilutions (10 mU/mL to 50 U/mL). The volume of CEA and CA 19-9 solutions added to the human
serum was less than 5%, hence the CEA- and CA 19-9-spiked serum solutions were virtually
undiluted.

5.3.2. Fabrication of μPAD
Photolithography was used to pattern microfluidic channels on paper (Park, et al., 2013; Martinez,
et al., 2008). Cellulose chromatography paper (cut into 1 cm x 4 cm pieces, thickness = 100 μm,
average pore size = 10 μm; GE Healthcare; Kent, UK) was impregnated with SU-8 2010 negative
photoresist (Microchem; Westborough, MA, USA) by dipping the paper into SU-8 solution
(dissolved in photoresist thinner), baked on a hot plate, and then exposed to UV light through a
transparency mask. Unpolymerized photoresist was removed from the paper through rinsing with
acetone (Sigma-Aldrich) and isopropyl alcohol (Sigma-Aldrich). Each channel consisted of a
straight channel (2.5 mm x 21 mm), and an oval shape in the middle of the length to serve as a
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detection area where antibody-conjugated, fluorescent particles were loaded and detected, and
another oval shape at the end of the length to serve as an absorbent pad (Fig. 25).

Figure 25. Schematic illustration of setup showing the angles between the light source, the
μPAD, and the detection probe. Antibody-conjugated particles are pre-loaded on the middle oval
of each μPAD channel and dried before the assay. Sample with target analyte is introduced into
inlet and then spontaneously flows through the channel towards the absorbent pad via capillary
flow. Antibody-antigen binding causes immunoagglutination of particles, which causes a change
in the fluorescence scattering depending on the extent of immunoagglutination.
5.3.3. Covalent Antibody Conjugation to Particles
Human monoclonal capture and detection antibodies to CEA (catalog numbers MAM02-009 and
MAM02-007, Meridian Life Science Inc., Memphis, TN, USA) were used for CEA detection.
Human monoclonal capture and detection antibodies to CA 19-9 (catalog numbers M66107M and
M66106M, Meridian Life Science, Inc., Memphis, TN, USA) were used for CA 19-9 detection.
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Note that polyclonal antibodies have been used for all previous work of the elastic Mie scatter
immunoagglutination assays in microfluidic platforms. The use of monoclonal antibodies to CEA
and CA 19-9 in this work could improve the specificity of the assay, while possibly increasing the
lower limit of detection and decreasing the dynamic range of the assay, since polyclonal antibodies
can bind to multiple types of target’s epitopes while monoclonal antibodies bind only to a single
type of epitope.

Anti-CEA antibody was covalently conjugated to the blue fluorescent (350 nm excitation / 440 nm
emission), highly carboxylated, 1.0 μm diameter, polystyrene latex particles (catalog number
F8815, Life Technologies, Grand Island, NY, USA). Anti-CA 19-9 antibody was covalently
conjugated to the red fluorescent (340-370 nm excitation / 610 nm emission), highly carboxylated,
0.20 μm diameter, polystyrene latex particles (catalog number F20881, Life Technologies, Grand
Island, NY, USA) for CA 19-9 detection. These two different fluorescent particles were purchased
from the same vendor that can be excited with a single UV light source. Since the vendor did not
provide these two particles at the same diameter, the largest sized particles were chosen from their
catalog to minimize the amount of antibody to fully cover the particle surface. Antibodies were
covalently linked using the following procedure: particles were activated with 1-ethyl-3-(3dimethylaminopropyl)-carbodiimide (catalog number 22980, Thermo Fisher Scientific Inc.,
Carlsbad, CA, USA) and N-hydroxysulfosuccinimide (catalog number 24510, Thermo Fisher
Scientific Inc., Carlsbad, CA, USA) at room temperature in an activation buffer, 50 mM 2-(Nmorpholino) ethanesulfonic acid (MES; Sigma-Aldrich) at pH 6.0, and rotated for 30 minutes. The
particle suspension was centrifuged and washed with MES buffer two times at 14,200 g. After the
final run, the particles were resuspended in activation buffer and incubated with antibody for 2.5
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hours at room temperature. A solution with ethanolamine was incubated for 30 minutes to quench
the reaction at room temperature. The protein-labeled particle suspension was centrifuged and
washed with phosphate buffered saline (PBS) a total of three times. After the final centrifuge, the
particles were resuspended in a storage buffer of water with 1% bovine serum albumin (BSA) and
2 mM sodium azide, and stored at 4°C before the assays.

5.3.4. Assay Procedure
The particles were soft centrifuged (i.e., at lower rpm than the normal rinsing step) to remove nonspecifically aggregated particles during the conjugation protocol. Equal volumes of capture
antibody-conjugated and detection antibody-conjugated particles were combined. The final
concentration of antibody-conjugated particles was 1% (w/v). The volume of particle suspension
loaded in each paper microfluidic channel was 3.0 μL (Fig. 25A). All paper channels were dried
at room temperature for 7 minutes prior to use. The initial fluorescence intensity was measured
with a miniature spectrometer (USB4000; Ocean Optics, Inc., Dunedin, FL, USA) after particles
had dried.
Each CEA-spiked or CA 19-9-spiked deionized water, deionized water with 5% BSA, 10% diluted
whole blood, or undiluted human serum sample was loaded on the inlet of the paper channel.
Capillary action spontaneously drew the sample through the channel (Fig. 25B). The negative
control for each experiment was performed by running a sample matrix solution (water,
water+BSA, blood, or serum) without antigen through the channel. Fluorescence detection was
performed using a miniature spectrometer one minute after sample loading (Fig. 25C).
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5.3.5. Spectroscopic Detection and Data Analysis
A three-axis angle positioning stage was assembled and used for assay testing. One end of a
bifurcated fiber optic cable connected to a 365-nm UV LED light source (AAP63, Seoul VioSys
Co., Ltd., Ansan, South Korea) was used to align the detection area with the probe, and the other
end of the fiber optic was connected to a miniature spectrometer (USB4000; Ocean Optics) to
measure fluorescence. 365 nm can excite both 1.0 µm blue fluorescent particles (350 nm
excitation) and 0.20 µm red fluorescent particles (340-370 nm excitation). The particles were
chosen based on the separation difference between the emission of the UV LED light source and
the emission of the fluorescent particles. In order to accurately measure the change in fluorescent
scattering, the peaks between the light source and particles must be well resolved. The optimum
angles were determined by calculating the greatest increase in signal intensity at 440 nm after blue
fluorescent particles were loaded and dried on the channel. The probe end of the detector fiber
optic was positioned 145° from the incident UV light (Fig. 25C). The μPAD was positioned 55°
from the UV incident light or 90° from the detector fiber optic (Fig. 25C). These angles were
optimized from a series of experiments, varying the angles at 5° increments (Fig. 1 in Appendix
A). The paper channel was placed 1 cm vertically from the end of the detection probe. The intensity
spectrum of the fluorescent particles was recorded before (background signal) and one minute after
(sample signal) the samples were loaded. The spectra were analyzed in a computer that was
connected to a miniature spectrometer (USB4000; Ocean Optics). For the anti-CEA conjugated
particles, the region between 400 and 500 nm was used to analyze the blue fluorescent scatter
intensity. For the anti-CA 19-9 conjugated particles, the region between 600 and 700 nm was used
to analyze the red fluorescent scatter intensity.
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After the particles were pre-loaded and dried in the oval in the middle of the channel, a
“background intensity” (represented with subscript B) from each channel was taken. After the
antigen-spiked samples had flowed through the detection area, a “sample intensity” (represented
with subscript S) from each channel was recorded. The background-normalized signal for a given
sample was IS/IB. Each sample intensity measurement was always paired with a zero-concentration
measurement (i.e. no target in water, water+BSA, blood, or serum; represented with subscript 0).
The background-normalized signal for zero-concentration sample was (IS/IB)0. Channel-to-channel
variation and the effect of particle loading conditions were cancelled out through this first
normalization step.

A second normalization step was performed by dividing the background-normalized sample signal
with that of the zero-concentration sample, i.e., (IS/IB) / (IS/IB)0. Batch-to-batch variation among
the particles was eliminated through this step. Since the zero-concentration measurements were
made every time when the sample measurements were made, the zero-concentration data should
also have standard error, enabling statistical comparison between the zero- and non-zero data. In
addition, since each intensity value was normalized to a single reference value, errors were not
propagated during double normalization.

A series of double-normalized intensity values were obtained for different concentrations of CEA
and CA 19-9. An F-test was used to determine if the variance between the control and sample were
equal. Then, a paired t-test was performed in order to calculate a p value which was used to
determine whether the double-normalized intensity at a given concentration was statistically
significant compared to the control. All t-tests were two-tailed and heteroscedastic. All data points
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represents the averages from three different experiments, each time using different μPAD preloaded with antibody conjugated particles, but using the same target solution (hence no error bars
in x-axis). Error bars represents standard errors of the means. Linear regression analyses were also
performed for all assays to obtain linear fitting equations and R2 values.

5.3.6. Microscopic Observations
Fluorescence microscopic images of the anti-CEA conjugated particles on a glass slide were taken
in order to observe the changes in aggregation in the absence and presence of CEA in serum. A 3
µL of anti-CEA conjugated particles in water was placed on a clean glass slide and allowed to dry.
Microscopic images were taken 1 minute after adding 12 µL of undiluted serum and 10 ng/mL
CEA in serum. A UV filter cube was used to excite the particles at 380 nm.
Scanning electron microscope images of the anti-CEA conjugated particles loaded and dried on
the paper microfluidic channel were taken in order to observe the aggregation in the absence and
presence of CEA in serum. A 3 µL of anti-CEA conjugated particles in water was placed in the
center of μPAD. When the channel was fully dry, 12 µL of serum either with or without 10 ng/mL
of CEA was loaded onto the inlet and allowed to completely fill the channel. Once the channel
was completely dry, the μPAD was sputter coated with platinum, adhered a conductive carbon tab,
and imaged in a Hitachi S-4800 Field Emission SEM under high vacuum.

5.4. Results
5.4.1. Spectral Response of Fluorescent Polystyrene Particles
Figure 26A shows the fluorescence emission spectrum of the anti-CEA conjugated fluorescent
particles (3 μL of 1% suspension) loaded and dried on the detection zone of the paper microfluidic
channel. Elastic scattering of the UV light off of the cellulose fibers results in the broad, saturated
peak around 365 nm. Fluorescent scattering of the anti-CEA conjugated particles results in the
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peak with a maximum at 440 nm. The fluorescent scattering peak is shown 46 times greater than
the values recorded on the spectrometer.

Figure 26B shows the fluorescence emission spectrum of the anti-CA 19-9 conjugated fluorescent
particles (3 μL of 1% suspension) loaded and dried on the detection zone of the paper microfluidic
channel. Elastic scattering of the UV light off of the cellulose fibers results in the broad, saturated
peak around 365 nm. Fluorescent scattering of the anti-CA 19-9 conjugated particles results in the
peak with a maximum at 610 nm. Again, the intensities of the fluorescent scattering peak are
multiplied by a factor of 75.

Figure 26C shows the absorbance spectrum of 0.25 mg/mL hemoglobin (primarily methemoglobin) in a 1-cm path length cuvette using a spectrophotometer, indicating very strong
absorption in violet color (peak at 405 nm), significant absorption in green color (peaks at 540580 nm), reduced absorption in blue color, and very weak absorption in red color. Fluorescence
emissions of anti-CEA conjugated (440 nm blue color) and anti-CA 19-9 conjugated particles (610
nm red color), therefore, can be detectable in the presence of hemoglobin, and thus whole blood.
While hemoglobin does absorb some of 365 nm UV incident light, its absorption is significantly
weaker than short wavelength UV (UV-B and UV-C) and violet color (peak at 405 nm), thus it
allows 365 nm UV excitation to pass through the sample matrix. In addition, the intensity of UV
LED is orders of magnitude stronger than the fluorescent emissions or hemoglobin absorption,
which is sufficient to be used for exciting fluorescent particles in the presence of whole blood or
serum.
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Figure 26. A) Illustration of two fluorescent particles excited by the same wavelength (365 nm)
but emitting at different wavelengths in the blue and red regions of the visible spectrum. (B and
C) Emission spectra of dried particles on the paper. The excitation and emission peaks have
been normalized. The magnitude of the fluorescent emission (440 nm and 660 nm) is much
smaller than that of the elastic scattering of UV excitation (365 nm).
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5.4.2. CEA Detection
Figure 27 shows the results with μPAD detection of CEA from deionized water, deionized water
with 5% BSA, 10% diluted whole human blood, and undiluted human blood serum. Each data
point represents the average from three different experiments, each time using a different μPAD
pre-loaded with antibody-conjugated particles but using the same target solution. The following
CEA concentrations were tested: 1 pg/mL, 10 pg/mL, 0.1 ng/mL, 1 ng/mL, 4 ng/mL and 10 ng/mL,
where the CEA concentration of 4 ng/mL has typically been used to diagnose/prognose cancer.
For the CEA assay with water, the maximum double-normalized blue fluorescence scattering
intensity was 1.41 ± 0.08, which is significantly higher (p < 0.05) than that with the elastic Mie
scatter detection of E. coli using similar μPAD platform, 1.067 ± 0.003 (or 6.7% difference), 269,272
presumably due to the use of fluorescence scatter. The normalized intensities increased up to 0.1
ng/mL, followed by a decrease, indicating the linear range of assay is up to 0.1 ng/mL. For this
linear region, linear regression analysis was performed with the fitting equation of y = 0.1176x +
1.1237 and the R2 value of 0.8107, where y is the double-normalized intensity and x is the log10
CEA concentration in pg/mL. All CEA assays with deionized water passed the t-tests (two tailed
and heteroscedastic) in comparison with the 0 pg/mL result (p < 0.05), and thus the detection limit
was 1 pg/mL.

The experiments were repeated with deionized water containing 5% (w/v) BSA. The maximum
normalized intensity was about 1.28 ± 0.04, which is slightly smaller than those with water, diluted
blood, and undiluted serum. There was a region of increasing double-normalized intensities up to
0.1 ng/mL CEA, followed by a decrease. This mirrored the trend obtained using deionized water
as the sample matrix. The linear equation was y = 0.0893x + 1.1021 and the R2 value was 0.976.
The double normalized intensities behaved the most linearly than any other sample matrices, with
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higher R2 value and overall smaller standard error. The results indicate that the BSA had some
stabilizing effect on the immunoagglutination assay. All concentrations except for the 1 pg/mL
and 4 ng/mL samples were significantly different from the control based on the above-mentioned
t-tests (p < 0.05). These two concentrations may have passed significance if there was less variance
in the double-normalized intensities.

The same experiments were performed with diluted (10% v/v) human whole blood. The maximum
normalized intensity was 3.51 ± 0.45, significantly higher (p < 0.05) than the elastic Mie scatter
detection from μPAD (1.067 ± 0.003) as well as those with water, water+BSA, and serum. These
amplified intensities contributed to the statistically significant results for all concentrations from
the control based on the above-mentioned t-tests (p < 0.05), and thus the detection limit of 1 pg/mL.
However, the linear range was narrower, showing the maxium intensity at 0.1 ng/mL CEA. After
this point, the double-normalized intensities remained about the same. For this linear region, linear
regression analysis was performed with the fitting equation of y = 0.7141x + 1.6494 and the R2
value of 0.7284. This relatively narrower linear relationship can be attributed to the presence of
blood cells and proteins that could interact with the particles.

Finally, the experiments were repeated with undiluted human blood serum. All sample dilutions
containing CEA were significantly different from the control (p < 0.05), following the same t-tests.
The maximum intensity was 1.58 ± 0.06, again significantly higher (p < 0.05) than the Mie scatter
detection from μPAD (1.067 ± 0.003) and similar to those with water and water+BSA. The
detection limit was 1 pg/mL. There was a linear relationship between double-normalized intensity
with increasing CEA concentration up to 4 ng/mL, with the linear equation of y = 0.1178x + 1.162
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and R2 = 0.9208. The intensity decreased at 10 ng/mL, indicating that this concentration is outside
of the linear range.

Detection limits of CEA assays were 1 pg/mL with water, blood, and serum, and 10 pg/mL with
water+BSA, which are substantially lower than a few ng/mL with the other LFA or μPAD cancer
marker assays with serum.257,267,268

Figure 27. Results of μPAD CEA assay in deionized water, 10% diluted human whole blood,
and undiluted human blood serum. Fluorescent scatter intensities were measured at 440 nm and
double normalized. Average of three different experiments, each time using different μPAD.
Error bars represent standard errors. * represents substantial difference from zero concentration
sample in each different sample matrix (water, blood, and serum) with p < 0.05.

5.4.3. CA 19-9 Detection
Figure 28 shows the results with μPAD detection of CA 19-9 from deionized water, deionized
water with 5% BSA, 10% diluted whole human blood, and undiluted human blood serum. Each
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data point represent the average from three different experiments, each time using a different
μPAD pre-loaded with antibody-conjugated particles but using the same target solution. The
following CA 19-9 concentrations were tested: 10 mU/mL, 0.1 U/mL, 1 U/mL, 10 U/mL, 25 U/mL
and 50 U/mL, where the CA 19-9 concentration of 40 U/mL has typically been used to
diagnose/prognose cancer. For the CA 19-9 assay with water, the maximum double-normalized
red fluorescence intensity was 1.43 ± 0.07, which is significantly higher (p < 0.05) than that with
the elastic Mie scatter detection of E. coli using similar μPAD platform, 1.067 ± 0.003,269,272 again
due to the use of fluorescence scatter. There appears to be a linear region up to 10 U/mL, with the
linear equation of y = 0.1111x + 0.9994 and R2 = 0.8995. The samples containing 1 U/mL, 10
U/mL, and 25 U/mL CA 19-9 passed the t-test compared to the control while the other
concentrations were not significantly different from the control. The normalized intensities
decreased for the higher concentrations of 25 U/mL and 50 U/mL, indicating that these
concentrations are outside the linear range of the assay.

The experiments were repeated with deionized water containing 5% (w/v) BSA. The maximum
normalized intensity was 1.39 ± 0.09, which is similar to those with water and undiluted serum.
There is a linear region up to 10 U/mL with the linear equation of y = 0.108x + 0.9467 and the R2
value of 0.9249. Again, BSA seemed to have some stabilizing effect, as the R2 value was higher
and the standard errors were overall smaller than those with deionized water. The normalized
intensities decreased for the higher concentrations of 25 U/mL and 50 U/mL indicating these
concentrations falls outside of the linear range of the assay. Compared to the control, the
concentrations of 1, 10, and 25 U/mL passed the above-mentioned t-tests (p < 0.05) while the other
concentrations did not.
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The same experiments were performed with diluted (10% v/v) human whole blood. The maximum
normalized intensity was 2.04 ± 0.07, again significantly higher (p < 0.05) than that of the elastic
Mie scatter detection (1.067 ± 0.003).269,272 There appears to be a narrow linear range up to 0.1
U/mL, followed by a plateau or a saturated response up to 50 U/mL. The linear equation was y =
0.5243x + 1.3938 and R2 value was 0.8434, indicating relatively poor linear relationship between
double normalized intensity and CA 19-9 concentration. Statistically meaningful results could be
obtained from 0.1 U/mL (detection limit) to 10 U/mL using the above-mentioned t-tests (p < 0.05).
Finally, the experiments were repeated with undiluted human blood serum. All dilutions
containing CA 19-9 were significantly different than the control (p < 0.05, using the abovementioned t-tests) except for the concentrations of 10 mU/mL and 1 U/mL. The detection limit
was 0.1 U/mL with undiluted serum, which is lower than a few tens of U/mL with diluted serum
on LFA or μPAD.257 There exists a linear range up to 25 U/mL, with the maximum intensity of
1.53 ± 0.02, similar to those with water and water+BSA, followed by a decrease at 50 U/mL. The
linear equation was y = 0.1213x + 0.9582 and R2 value was 0.9742, indicating very strong linear
relationship.

While no work has been reported in quantifying CA 19-9 from diluted human blood on LFA or
μPAD, this assay platform provides a lower limit of detection of 0.1 U/mL with diluted blood and
undiluted serum. Detection limits of other LFA and μPAD assays are a few tens of U/mL with
diluted plasma or diluted serum, and those with PBS are 16.3 mU/mL - 0.17 U/mL (Table
1).253,254,257,258
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Figure 28. Results of μPAD CA 19-9 assay in deionized water, 10% diluted human whole blood,
and undiluted human blood serum. Fluorescent scatter intensities were measured at 660 nm and
double normalized. Average of three different experiments, each time using different μPAD.
Error bars represent standard errors. * represents substantial difference from zero concentration
sample in each different sample matrix (water, blood, and serum) with p < 0.05.

5.4.4. Multiplex Detection
This μPAD has the potential for multiplex detection using a single UV LED light source that can
excite both fluorescent particles that produce distinct emission spectra. By loading the blue and
red fluorescent particles in the same particle loading zone, the assays for CEA and CA 19-9 in a
complex sample can be completed in a single run.

Figure 29 shows the results with µPAD multiplex detection of CEA and CA 19-9 from deionized
water, deionized water with 5% BSA, 10% diluted human whole blood, and undiluted human
serum. Channels were pre-loaded with both anti-CEA conjugated particles (440 nm blue
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fluorescence) and anti-CA 19-9 conjugated particles (610 nm red fluorescence), and assayed for a
negative control (just sample matrix), 10 ng/mL CEA in varying sample matrix, and 50 U/mL CA
19-9 in varying sample matrix. These concentrations represent abnormal ranges of CEA and CA
19-9, since 4 ng/mL CEA and 40 U/mL CA 19-9 have been used to diagnose/prognose cancer as
described previously. All channels were excited with a single UV LED light source (365 nm),
which excited both types of fluorescent particles at the same time.

Figure 29. Results of μPAD multiplexed assay in deionized water, deionized water with 5%
(w/v) BSA, 10% (v/v) diluted human whole blood, and undiluted human blood serum. Each
channel was pre-loaded with both the blue fluorescent (440 nm emission), anti-CEA conjugated
particles and the red fluorescent (610 nm emission), anti-CA 19-9 conjugated particles. All
particles were excited by a single UV LED light source (365 nm). Assays were performed for a
negative control (sample matrix only), 10 ng/mL CEA in varying sample matrix, and 50 U/mL
CA 19-9 in varying sample matrix. Average of three different experiments, each time using
different μPAD. Error bars represent standard errors of the mean. * represents substantial
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difference blue and red normalized intensities from a single channel in each different sample
matrix (water, water+BSA, blood, and serum) with p < 0.05.
For multiplex assays performed in deionized water, there was no statistical difference between the
blue and red fluorescence scattering intensities (double-normalized) (p > 0.05) for the control
samples, while there were significant differences between them (p < 0.05) for assaying both 10
ng/mL CEA and 50 U/mL CA 19-9. The red fluorescence (from anti-CA 19-9 particles) was
substantially lower and close to 1 with 10 ng/mL CEA and the blue fluorescence (from anti-CEA
particles) was also substantially lower and close to 1 with 50 U/mL CA 19-9. This indicates that
CEA and CA 19-9 did not cross-react with the alternatively labeled antibody-conjugated particles.
For multiplex assays performed in deionized water with 5% (w/v) BSA, the overall assay results
are almost identical to those performed in deionized water. There was no statistical difference (p
> 0.05) between two fluorescence scattering intensities for the control samples, while significant
differences were observed for assaying 10 ng/mL CEA and 50 U/mL CA 19-9 (p < 0.05). However,
the normalized intensities were attenuated, and the t-test failed for the CA 19-9 assay, although its
p value of 0.063 is close to 0.05. Again, the red fluorescence for CEA assay and the blue
fluorescence for CA 19-9 assay were both close to 1, indicating no significant cross-reactions.
For multiplex assays performed in diluted (10% v/v) human whole blood, the overall assay results
are similar to those performed in water, despite the augmented complexity of the sample matrix.
There was no statistical difference (p > 0.05) between the two fluorescence scattering intensities
for the control samples, while significant differences for assaying both 10 ng/mL CEA and 50
U/mL CA 19-9 (p < 0.05). The results also indicate there was no significant cross-reactions with
the alternatively labeled antibody-conjugated particles.
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For multiplex assays performed in undiluted human serum, the overall assay results are similar to
those performed in water and blood, while showing increased signal intensities with better
statistics. There was no statistical difference (p > 0.05) between two fluorescence scattering
intensities for the control samples, while significant differences were observed for assaying 10
ng/mL CEA and 50 U/mL CA 19-9 (p < 0.05). Again, the red fluorescence for CEA assay and the
blue fluorescence for CA 19-9 assay were both close to 1, indicating no significant cross-reactions.

5.5. Discussion
Previous research has supported that immunoagglutination of antibody-conjugated particles in a
μPAD platform provided a method of detecting and quantifying bacterial samples in clean and
field water samples.269,274 This current work is an attempt to extend and make the assay adaptable
to cancer markers directly from the more challenging sample matrices: human whole blood and
human blood serum. In addition, fluorescence scattering detection was attempted, in contrast to
the elastic Mie scatter detection in our previous attempts, with an aim to collect the higher
normalized intensities from complex sample matrices.270,271,274

For both CEA and CA 19-9 assays, clinically relevant range of detections could be made (1-5
ng/mL and 10-50 U/mL, respectively) with human blood and serum, while the maximum
normalized intensities (1.28-3.51) were significantly higher (p < 0.05) than that with Mie scatter
detection (1.067). This higher normalized intensities can be attributed to the fact that only the
fluorescence scattering signals were collected with this assay, while only a small increase in elastic
Mie scatter was detected in previous studies. All assays with four different sample matrices showed
reasonable linear relationship between the double-normalized intensities and the target
concentrations, followed by a decrease (a plateau in case of the assays with blood). This bell125

shaped standard curve has been observed in multiple instances for the elastic Mie scatter detection
of immunoagglutination assays.269,272,274 The high concentration samples can easily be assayed by
simply diluting the blood or serum sample to 10%. While fluorescence scattering was observed in
this work, fluorescence scattering was originated from the particles whose size was comparable to
the wavelength of incident light, thus it still followed the Mie scatter theory.

Multiplex assay was also performed by loading both types of antibody conjugated particles to a
single channel. A single UV LED light source was able to excite both types of particles at the same
time. The normalized intensities from the particles conjugated with non-target antibodies were
smaller than those from the target antibody conjugated particles and close to 1, indicating the crossreaction was minimum.

The overall improved assay performance in the presence of blood and serum can be attributed to
the use of UV excitation and subsequent fluorescence scattering detection. Digital images of
μPAD’s were taken and shown in Figure 30. These images clearly indicate the blue fluorescent
particles in the central regions of the microfluidic channels, while the colorations from blood or
serum that filled the entire channel could not be identified under UV LED excitation. (The blue
colors from non-channel regions can be attributed to the auto-fluorescence of wax material and
paper fibers.) These results only indicates the ability to detect fluorescence scattering in the
presence of blood and serum, but not to demonstrate an alternative detection method. Digital
camera is not as sensitive as the spectrophotometer to the differences in fluorescence scattering
between the negative and the samples, which is why the detection area appears saturated in all
images.

126

Figure 30. Digital images of μPAD, pre-loaded with anti-CEA conjugated fluorescent particles,
for assaying 0 ng/mL (negative control; left column) and 10 ng/mL CEA (positive sample; right
column) in deionized water (top), deionized water with 5% BSA (second row), 10% diluted human
whole blood (third row), and undiluted human blood serum (bottom row).

For both CEA and CA 19-9 assays, the experiments with undiluted serum provided similar results
to those with water and water+BSA, despite the complexity and high protein concentrations in
127

undiluted human serum. Since the experiments with diluted human blood showed smaller dynamic
range and larger standard error, we can conclude that the serum components (most notably
albumins and immunoglobulins) contributed to stabilizing the antibody-conjugated particles, while
the non-serum components (blood cells and clotting proteins) did not. This interpretation can
further be supported with the improved linearity of the assays with water+BSA over those with
water, where BSA (bovine serum albumin) can function very similarly to human serum albumin.
Albumin has frequently been used as a stabilizing agent for polystyrene particles.270

It should also be noted that the linear ranges were extended to higher concentrations with undiluted
serum. Since albumins and immunoglobulins are the common major components in blood and
serum, and the experiments with water+BSA did not show any improvements in extending the
linear range, immunoglobulins or some other serum component other than albumins may have
stimulated the antibody-antigen binding under antigen-excess situation (too much CEA and CA
19-9 in the sample for the given amount of antibodies).

With these improvements, very low detection limits could be achieved – 1 pg/mL CEA and 0.1
U/mL CA 19-9 with blood and serum. These low detection limits have not been reported with the
other LOC assays for cancer markers from heparinated human whole blood (diluted) or human
blood serum (undiluted), which can be attributed to not only the well-known strengths of μPAD –
filtration capability and precisely controlled capillary flow, but also the use of fluorescence-based
particle immunoagglutination, augmented by the addition of blood or serum.
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The results with undiluted human serum showed the most interesting trend, showing the larger
dynamic range and smaller standard error. To further explain this behavior, fluorescence
microscopic images of the anti-CEA conjugated particles on a glass slide and scanning electron
microscopic (SEM) images of the same particles on a μPAD were acquired before and after the
negative/positive samples were loaded (Fig. 31). The negative sample was undiluted serum
without any CEA, and the positive sample was 10 ng/mL CEA in undiluted serum. The
fluorescence microscopic image with the negative sample showed the particles primarily as
singlets with almost no aggregates, while that with the positive sample showed substantial
immunoagglutination. The SEM image of the dried particles on paper showed the particles
primarily as singlets with a few aggregates despite soft centrifugation. The second SEM image of
the particles with the negative sample showed mostly singlets with almost no aggregation,
corroborating the role of serum in improving the assay performance. After 10 ng/mL CEA in
undiluted serum has been added to the channel, the particles immunoagglutinated with no singlets
seen.
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Figure 31. Representative fluorescence microscopic images on a glass slide (top row) and SEM
images on the μPAD (bottom row) of the 1.0 µm anti-CEA conjugated particles. The negative
sample was undiluted serum without any CEA, and the positive sample was 10 ng/mL CEA in
undiluted serum. The fluorescence images were taken with 380 nm UV light excitation. The
particles loaded and dried on the μPAD (bottom left) showed mostly singlets with occasional
aggregation. The particles one minute after adding 12 µL of undiluted serum without any CEA
(i.e., negative control) showed mostly singlets with almost no aggregation (top left and bottom
middle). The particles one minute after adding 12 µL of 10 ng/mL CEA in undiluted serum showed
substantial immunoagglutination (top right and bottom right).

This paper microfluidic system has the potential for sensitive and multiplex detection of cancer
markers from complicated sample matrices such as whole blood and serum, using a single UV
LED light source. While only two cancer markers, CEA and CA 10-9, have been assayed in this
work, there is a potential for simultaneous detection of three or four cancer markers other than
CEA and CA 19-9.
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Chapter 6. Conclusions
6.1. Summary
In this research, a variety of polymeric nanoparticle-based drug delivery systems were prepared
and characterized using biodegradable and biocompatible polyesters as the matrix and an anionic
surfactant as a stabilizer. Protein therapeutics and tyrosine kinase inhibitors suffer from poor
bioavailability and half-lives. Proteins are fragile macromolecules that are sensitive to pH,
temperature, and mechanical forces. Oral delivery of non-encapsulated proteins presents several
obstacles. Strong acids in the stomach and intestine degrade the protein. The large size and
hydrophilic character prevent proteins from being absorbed in the intestine because of tight
junctions between the epithelial cells. OSI-420 and AZD9291 are hydrophobic anticancer agents
that are insoluble in water unless they are dissolved in dimethyl sulfoxide, but systemic
administration could cause the drugs to exert their cytotoxic effects on healthy tissue.
Encapsulation of proteins and anticancer could over these challenges.

Insulin-like growth factor 1 (IGF1) was encapsulated in polymeric nanoparticles. The effect of
excipients and matrix composition was investigated. Addition of poly(propylene glycol) to the
organic phase enhanced the encapsulation efficiency and release of IGF1 from the nanoparticles
the most. Non-biodegradable biocompatible polymers should be considered as useful adjuvants
in nanoparticles designed to delivery proteins. The release studies of IGF1 from polymeric
nanoparticles should be carried out over 3-4 weeks to evaluate the potential of these nanosized
systems to be used as long-term therapeutics that decrease the frequency or need for systemic
injections of proteins.
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Unmodified trypsin and pegylated trypsin were encapsulated in PLGA nanoparticles. The
movement of the enzyme is restricted within the polymeric matrix. However, unmodified trypsin
maintains its activity during encapsulation. The nanoparticles did not prolong the activity of
trypsin once the protein diffused into the aqueous environment. Proteins modified with PEG
typically exhibit greater activity and less degradation over time. Modification of trypsin in
solution may have resulted in the loss of activity. In order to protect the active site, trypsin
should be immobilized on a p-aminobenzamidine chromatography gel and then modified.
Despite these setbacks, these polymeric nanoparticles have great potential to protect and deliver
active therapeutic proteins that don’t lyse themselves.

OSI-420 and AZD9291 were encapsulated in PLGA and PEG-PLGA particles. The effects of
formulation method and initial drug loading were investigated. Nanoprecipitation increased the
encapsulation efficiency of OSI-420. Double emulsion solvent evaporation increased the
encapsulation efficiency of AZD9291. Despite the high initial drug amounts in the
nanoprecipitation process, very low amounts of drug were trapped within the particles. Flash
nanoprecipitation should be considered for future work involving the encapsulating of these
poorly water-soluble kinase inhibitors so that nanoparticles small enough to endocytosed by the
cells are formed.

The nanoparticle formulation needs to be optimized for each therapeutic agent. Proteins vary in
size, structure, and function. Surface residues affect the interactions among proteins, polymers,
solvents, and stabilizers. Some proteins are more resistant to physical disruption during
ultrasonication which why suitable emulsification strategies need to be identified. The amount of
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protein in the washes collected during purification should be analyzed for protein content to
understand how the protein’s movement during the encapsulation, hardening, and purification
steps. Solvents significantly affect how quickly the nanoparticle will form and lock the cargo in
its matrix. Solubility studies should be performed for OSI-420 and AZD9291.

A paper-based microfluidic biosensor was developed for the detection of CEA and CA 19-9 in
water, blood, and serum using fluorescent detection. The ratio of antibody-conjugated beads to
antigen needs to be optimized so that a linear calibration curve can be constructed. This would
open the doors to using low cost paper-based biosensors in clinical settings. Instead of analyzing
the change in fluorescence upon immunoagglutination, the fluorescence quenching of particles
could be used to detect and quantify the amount of antigen in a complex matrix.

6.2 Future Work
As indicated previously, nanosized drug carriers were formulated in this research project by
fabrication of biodegradable PLGA-based nanoparticles using single emulsion solvent
evaporation, double emulsion solvent evaporation, and nanoprecipitation. The encapsulation
efficiencies of these PLGA nanoparticles were extremely low and the release was calculated for
less than 4 hours. To further study this drug delivery system, the following work might be
investigated.

6.2.1 Slow and sustained release of IGF1
In Chapter 2, a drug delivery system for IGF1 was successfully prepared. The formulations
included excipients such as BSA and PPG to help drive the protein into the nanoparticle during

133

the double emulsion solvent evaporation process. However, most of the protein wasn’t
encapsulated within the nanoparticles. Except for the PPG-PEG-PPG-PLGA nanoparticles and
PLGA nanoparticles with BSA as an excipient, fast release of IGF1 was observed within 4 hours
in physiological conditions. Despite the low encapsulation efficiencies, the released IGF1
stimulated the production of AKT in salivary gland cells for 24 hours.

High shearing during the encapsulation process could denature some of the IGF1, but the amount
of denatured protein was unable to be determined. An HPLC method should be developed to
measure the total amount of IGF1 encapsulated within the nanoparticles and the total amount of
IGF1 located within the supernatant as the nanoparticles are purified. An ELISA should be used
to measure the total amount of encapsulated and unencapsulated IGF1. The HPLC method
should be compared with the ELISA method to determine what proportion of the protein was
denatured during the nanoparticle preparation.

Embedding PLGA nanoparticles within a hydrogel could reduce the initial burst of surfaceassociated protein and extend the release of encapsulated IGF1 for more than 4 hours.275,276
Encapsulation-free controlled release without an initial burst has been demonstrated for three
growth factors.277 Electrostatically adsorbing IGF1 to PLGA nanoparticles could overcome poor
encapsulation efficiency and loss of protein activity. After embedding the nanoparticles in a
hydrogel, the cumulative release profiles of IGF1 actively loaded within PLGA nanoparticles
and IGF1 passively adsorbed to the surface should be obtained and compared to determine the
better method in terms of length of release. Depending on the outcome, a single layer of
hyaluronan and methylcellulose could be used to achieve release lasting up to one month.277

134

6.2.2 Morphology of PLGA nanoparticles
In Chapter 2, the morphology of PLGA nanoparticles was observed using SEM. The heat
generated by the electron beam made imaging these particles difficult. The nanoparticles would
heat up, expand, and then burst under high voltage electron beams. Decreasing the intensity of
the beam resulted in images with poor resolution. The vacuum required to coat the nanoparticles
with platinum and the vacuum necessary for the high voltage beam altered the nanoparticle
structure. Atomic force microscopy (AFM) is an alternative method that could be used to
observe the morphology of PLGA nanoparticles (Fig. 32). The nanoparticles retain their
spherical morphology because no vacuum is applied to the sample and no heat is generated by
the cantilever. More work needs to be done to adhere the nanoparticles to a surface to minimize
contamination of the cantilever.

Figure 32. AFM images of control (A) and IGF1 loaded (B) PLGA nanoparticles.

6.2.3 Mathematical modeling of protein release
In Chapters 2 and 3, cumulative release profiles of IGF1 and unmodified trypsin were
constructed. The initial burst, diffusion, and degradation phases of release were ascribed to
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different parts of the release curve based on the slope of the lines. In order to accurately describe
the mode of release from these nanoparticles, mathematical models need to be fit to each curve.
Four and forty-eight hours is not enough time to obtain complete release of the protein from the
nanoparticles. Additional experiments should be performed until maximal release is observed. A
mathematical model can describe when the initial burse, diffusion, and degradation phases start
and end.

Spatial analysis of protein loaded PLGA nanoparticles should be performed using Time of Flight
– Secondary Ion Mass Spectrometry (ToF -SIMS) to reveal the location of protein and PVA on
the surface.278 The thickness of the PVA coat can be estimated. The advantage of ToF-SIMS is
the ability to observe the location of protein on or near the surface of the PLGA nanoparticles.
This observation could complement the kinetic release data. The formulations that had low initial
bursts would be expected to have less protein on or near the surface compared to formulations
that had high initial bursts. Depending on the resolution of the instrument, visualization of
protein within many pores could complement kinetic release curves showing fast diffusion.

The inclusion of excipients may alter the degradation rate of PLGA nanoparticles. The
preparations made with BSA and PPG-PEG-PPG-PLGA should stay intact longer than
preparations made without any excipients and with PPG. Images showing degraded PLGA
nanoparticles would complement the mathematical modeling for protein release.

6.2.4 Internalization of encapsulated anticancer drugs
In chapter 4, the active metabolites of erlotinib and osimertinib were encapsulated with low
efficiency in PLGA and PEG-PLGA nanoparticles using single emulsion solvent evaporation
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and nanoprecipitation, respectively. These micro- and nanoparticles were not cytotoxic to cells at
any concentration because they weren’t rapidly internalized. The rate of uptake depends on the
size and charge of the nanoparticles. The PLGA and PEG-PLGA nanoparticles have a negative
charge that is probably repelled by the negative charge on the cell membrane. A positively
charged coating should be applied to the nanoparticles to increase the rate of internalization. A
lipid layer might even enhance the internalization. Once inside the cells, the anticancer drug’s
rate of diffusion into the cytosol affects how quickly the cells will die. The positively charged
coating or lipid coating shouldn’t completely prevent the initial burse of erlotinib and osimertinib
from the nanoparticles. A quick burst of drug needs to be realized immediately after
internalization so that the signaling pathway can be inhibited.
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Appendix A – Supplementary Information
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Figure 33. Optimization of detection angle for fluorescence scattering
using a three-axis positioning stage. (A) Schematic defining the angles for
fluorescence scattering from µPAD. (B) Contour plot of difference in
fluorescence scattering intensities with and without blue fluorescent
particles excited with UV light on a µPAD as a function of the angles of
the paper and detection probe.
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