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ABSTRACT 

The focus of this dissertation research is on the advanced methodology for drug delivery, which 

includes the synthesis and characterization of drug loaded delivery vehicles. Drug delivery is a 

rapidly advancing field, ranging from local injections for vaccine delivery to treatment of asthma 

via pulmonary delivery. There are many illnesses that are left untreated, because of the lack of 

means to deliver drugs effectively and safely, such as local sustained release to treat post-traumatic 

osteoarthritis (PTOA) or pulmonary delivery of anti-inflammatory therapeutics for treatment of 

coronavirus disease 2019 (COVID-19). In this dissertation, I will fill this void, including 

formulation, characterization, toxicity, and all the way to efficacy.  

There are three main components in this dissertation investigation. The first, is the development 

of a greener approach to producing polymer microparticles for local sustained release of 

flavopiridol. PLGA microparticles represent an important class of materials used for drug delivery. 

Current synthesis frequently uses conventional emulsion, where dichloromethane(DCM) is used 

as the organic phase solvent. Due to the health and environmental toxicity of DCM and its slow 

degradation, this work replaces DCM with a greener solvent, dimethyl carbonate(DMC). To attain 

narrow distribution of PLGA particle size, microfluidic flow focusing was chosen over 

conventional emulsion. This new approach successfully produced PLGA microparticles 

encapsulated with flavopiridol, a kinase inhibitor. These particles exhibit sustained release profile 

more desirable than the conventional counterparts. The cytotoxicity and activity tests have 

demonstrated high biocompatibility and efficacy of these PLGA particles. The high sustainability 

is also evaluated using simple E-Factor(sEF) and complete E-Factor(cEF). The lower health and 

environmental toxicities of DMC than DCM are evidenced by approximately one order of 

magnitude higher in lethal dose, i.e., 50%(LD50) values in rat, 5-fold faster degradation rate, and 
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30% higher GlaxoSmithKline(GSK) combined greenness value. The approach reported in this 

work shall provide a new and green means for drug delivery in general. The products enable local 

sustained delivery of flavopiridol for prevention of post-traumatic osteoarthritis, and anti-cancer 

therapy. 

The second development is focused on a new approach to quantify drug release kinetics from 

PLGA microparticles. Current approaches for quantifying drug release profiles from PLGA 

vehicles involve non-linear fitting using burst, degradation, and diffusion terms. The non-linear 

fitting is typically performed across the entire time spectrum, assuming that the contribution from 

each term is constant across the entire release profile. It is known for instance that burst release 

only occurs during the initial time of release, therefore prior assumption gives poor representation 

of physical meaning. To improve upon the current approach, a new model was developed by 

piecewise splitting the fitting terms over two-time regions during release of flavopiridol from 

PLGA microparticles. The time regions were identified via time dependent SEM imaging, through 

the analysis of particle morphological evolution during release. The application of our approach 

to these particles greatly improved and matched the current understanding of release mechanisms. 

Our approach was validated in larger particles, where new insight was revealed in the evolution of 

the fitting parameters across time regions. Particles were fabricated with a porous intra-particulate 

structure, as verified by AFM imaging, to test the genericness of our approach. The intra-

particulate structure of these particles was revealed to cause the  geometrical changes during 

release. Our approach further revealed the impact of particle shape change during release in 

contrast to particle fragmentation, especially through degradation and diffusion mechanisms. This 

new approach reported in this work, can be applied to drug release from polymer vehicles in 

general, which allows tunability of release profile to a higher degree.  
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The third development is focused on the production of flavopiridol loaded inhalable ultra-small 

particles for pulmonary delivery. Treatment of inflammation causing diseases, like COVID-19, 

generally used an intravenous delivery, however it has been shown that the best course of delivery 

to the lungs is via inhalation. Production of inhalable particles containing therapeutics are well 

suited for treatment of lung inflammation and has been demonstrated as the best delivery pathway 

for pulmonary based diseases. In this work, we showed the development of inhalable particles 

containing flavopiridol, a CDK-9 inhibitor with demonstrated anti-inflammatory properties, for 

the first time reported. Formulations of DPPC, L-isoleucine, and flavopiridol were generated into 

ultra-small particles that presented a desired geometry and size, well suited for pulmonary delivery. 

The drug loading of the particles was investigated by utilizing UV-Visible spectroscopy, showing 

99% efficiency in loading. The presence of DPPC and L-isoleucine were verified by comparing 

against known standards in ATR-FTIR spectroscopy. The produced particles were demonstrated 

to be dispersible using a newly developed sampling method for high resolution SEM imaging. The 

in vitro release of the particles matched the required release kinetics for pulmonary delivery  

Flavopiridol was found to be biologically active in the produced particles. This work enables the 

flavopiridol to be delivered to the lungs for treatment of inflammation caused by diseases like 

pulmonary fibrosis or COVID-19.  

 

This dissertation demonstrates the methodology for drug delivery, through the production and 

characterization of flavopiridol loaded delivery vehicles for treatment of inflammation in the knee 

joint capsule via local sustained release or in the lungs via pulmonary delivery, which drives 

momentum even further into filling the void.  
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CHAPTER I  

Introduction 

1.1 Advanced methodology for drug delivery 

The delivery of therapeutics is a central facet of the treatment of illness, where key features, such 

as the region of delivery1-3, dose4-5, activity6-7, toxicity8-9, stability10-11, longevity of treatment12-13 

are all contingent on its successful design and testing. Many drug delivery routes has been 

established, which includes transdermal14, oral15, ocular16, nasal17, parenteral18, and pulmonary19, 

leading to many successful therapies. Although, the drug delivery field is quite established, there 

are still many illnesses that are unable to be treated, due to limitations in the production and 

understanding of adequate and targeted delivery vehicles. This includes local sustained delivery 

for treatment of inflammation caused by post-traumatic osteoarthritis20-21 (PTOA) or pulmonary 

delivery for treatment of lung inflammation caused by diseases like COVID-19.22-25 In order to 

address these limitations in targeted treatments of these illnesses, advanced synthetic and 

characterization methodologies were developed to meet the production and delivery specifications. 

1.2 Voids to be addressed by thesis research 

1.2.1 Conventional production of drug loaded PLGA microparticles uses a known 

carcinogen 

Local delivery of drugs26, have been utilized with a wide variety of sustained release materials 

such as hydrogels27, silk28, poly(lactic acid)29, poly(lactic-co-glycolic acid) (PLGA)30-31 , and even 

tri-block polymers, like PLGA-PEG-PLGA.32 For clinical applications, PLGA has been widely 

used by researchers as the sustained delivery vehicle, due to its biocompatibility, biodegradation, 

and FDA approval.30, 33-34 PLGA is a biodegradable polymer, as shown in figure 1, where in the 
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presence of water, a hydrolysis reaction occurs at the labile esters bonds, producing soluble 

byproducts present in the body, lactic and glycolic acid. 

 

Figure 1.1 Hydrolysis of PLGA  

The co-monomer ratio (n,m) is tunable based on desired longevity of sustained release. It has been 

demonstrated that the higher lactide contribution as compared to glycolide, produces a longer time 

period of sustained release. For example, when PLGA(85:15) is used in place of PLGA(50:50), 6 

months of release of therapeutics is revealed as compared to 1 month.30 Microparticles of 

poly(lactic-co-glycolic acid) (PLGA) have shown great promise in local sustained delivery of 

medicine as well as improving osteoinductivity and bone healing, owning to their biodegradable 

property and high biocompatibility.30, 35-39  These particles were typically produced via 

conventional emulsion, which frequently utilized toxic organic solvents, such as dichloromethane 

(DCM).40-41 Conventional emulsion has advantages of simplicity, but frequently exhibits 

limitations such as batch-to-batch irreproducibility in drug release kinetics, primarily attributed to 

large variation in particle size and intra-particulate structure.42   Microfluidic flow-focusing device 

(MFFD) was introduced to address these limitations and are capable of producing monodispersed 

particles such as quantum dots, photonic particles, textiles, and polymer microparticles.34, 42-47  

MFFD typically produce particles with near monodispersion, and high reproducibility in size, load, 

and  drug release profiles.  The process also had less waste due to lower working volume.48 Despite 

these new advances, DCM has remained as the organic phase solvent in most MFFD syntheses.42, 

49-50 DCM is a volatile organic compound (VOC) and a known carcinogen,51 referred to as a Class 
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2 solvent as per International Council for Harmonization (ICH), whose residual amounts in 

medicinal products is limited to no more than 600 ppm.51-52 DCM was recently banned for 

consumer use, to protect health and environment regulated by the United States government and 

environmental protection agency (EPA).53 Green chemistry principles  are strongly encouraged in  

chemical synthesis54, thus it is essential to seek an alternative and green solvent to replace DCM 

in production of drug delivery polymer particles. Therefore, in this work, we utilized dimethyl 

carbonate (DMC) to encapsulate flavopiridol in PLGA microparticles for the first time reported 

using a green solvent. It is shown that using the greener method, the in vitro release kinetics, 

degradation profile, biological activity and cytotoxicity, points towards a successful drug product 

for treatment of post traumatic osteoarthritis (PTOA). 

 

1.2.2 Current quantification of drug release from PLGA microparticles 

The quantification of drug release profiles is of importance for not only understanding the 

mechanisms of drug release, but it reveals considerations in the tunability of its kinetics.55 For 

biodegradable particles like PLGA microparticles, various quantification models are used to 

describe drug release, such as zero order, first order, Higuchi, Hixson-Crowell, and Ritger-Peppas-

Korsmeyer.55-57 However, these models generally describe one to two mechanisms of drug release, 

and are applied throughout the release duration. Drug release from PLGA microparticles  is widely 

seen as a tri-phasic mechanism, involving an initial burst, degradation-relaxation of PLGA, and 

Fickian diffusion processes.30, 58-59 It has been demonstrated that addition of 2-3 mechanisms, 

better describes the drug release process and fits the experimental data mathematically good.60-61 

Conventionally, these models are fitted throughout the release process, generating constant fitting 

parameters, which doesn’t align with processes that are known to occur in certain regions of the 
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release profile, for instance, burst release is short time mechanism that occurs generally up to 5 

days release.42, 62 In this work, the quantification of the drug release profile, involved the 

identification of time regions where each term is known to be present, using high-resolution time 

dependent scanning electron microscopy. From the identified regions, a new approach using 

existing models were generated which agree with known understanding drug release profiles. 

 

1.2.3 Production of flavopiridol loaded inhalable ultra-small particles for pulmonary 

delivery  

Flavopiridol is a well-known small molecule cyclin dependent kinase inhibitor (CDK) originally 

designated by the Food and Drug Administration (FDA) as an orphan drug for treatment of rare 

leukemia.63. The activity of flavopiridol has been known to prevent activation of primary response 

genes, thus inhibiting down-stream inflammation of cells and tissues. 40, 64-68 Therefore, 

Flavopiridol has been used to treat inflammation caused by illnesses ranging from cancer63, 69-70, 

viral71-73 and post-traumatic-osteoarthritis (PTOA)40, 65-66, Given its high efficacy, Flavopiridol has 

been identified as a very promising candidate to treat illness such as lung cancer74 or coronavirus 

disease 2019 (COVID-19) pertaining to lung inflammation.75-76 In past attempts to treat lung 

injury, the delivery means included intraperitoneal (i.p.) injection into the lower quadrant of the 

abdomen or via gavage, which involved forcible oral delivery.77 To improve efficacy and patient-

friendliness, pulmonary delivery of inhalable particles using a device such as a dry powder inhaler 

(DPI) is becoming an urgent need, as inhalation delivery has intrinsic advantage of being non-

invasive and rapid. 78-80 While inhalable delivery of drugs has been reported81-83, none of the 

current vehicles have been used to carry flavopiridol. Therefore, this work reports our effort in the 

production and characterization of flavopiridol-loaded inhalable ultra-small particles for 
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pulmonary delivery.  

1.3 Thesis objective 

The overall goal of this dissertation is demonstrated by the advanced synthesis and characterization 

of flavopiridol loaded drug delivery vehicles. This is goal was divided into three specific aims. 

The first specific aim is to develop a greener methodology for the production of flavopiridol loaded 

PLGA microparticles for local sustained release applications. The second aim is to develop a new 

approach in the quantification of drug release profile of flavopiridol loaded PLGA microparticles. 

The third aim is the development and characterization of flavopiridol loaded inhalable particles 

for treatment of inflammation in the lungs.  

1.5 Thesis organization  

Following the introductory chapter, chapter II describes the synthetic methods involving PLGA 

and inhalable particles, and the characterization methods include, microfluidic device cleaning, 

dispersity of inhalable particles, UV-Vis spectroscopy, ATR-FTIR, SEM, and AFM.  Chapter III 

describes a greener methodology for the production of flavopiridol loaded PLGA microparticles 

for local sustained release. Chapter IV describes new insight into drug release profiles of 

flavopiridol loaded PLGA microparticles. Chapter V describes the production of flavopiridol 

loaded ultra-small inhalable particles for pulmonary delivery. Chapter VI discusses conclusions 

and future work. Finally, Chapter VII describes the appendix, containing an SOP and MATLAB 

codes for nonlinear fitting.  
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CHAPTER II   

Experimental Approaches 

2.1 Home-built Flow-Focusing Microfluidic Device for PLGA Microparticle Synthesis 

Microfluidics is the study or manipulation of fluids on the micrometer scale, with height and width 

of channels between 100 nm to 100 𝜇m.84 For the past 20 years, microfluidics has been adapted 

into many applications ranging from cellular sorting to particle synthesis.85-87 Microfluidic 

synthesis of polymers, like PLGA microparticles has been widely demonstrated throughout 

literature with the encapsulation of small molecule drugs, proteins, and peptides.38, 49, 88-89 The 

synthesis of PLGA particles is usually performed using flow-focusing microfluidics with 

poly(dimethylsulfoxide) (PDMS) based devices.34, 42. In this work, I designed a flow focusing 

microfluidic device based on device geometries known to generate monodisperse PLGA particles.  

The blueprint of the design was generated in AutoCAD and an .STL file was exported. The .STL 

file was sent to a microfluidic manufacturer (uFluidix, Scarborough, Ontario, Canada), where the 

.STL file was generated into a photolithography mask and subject to poly(dimethyl siloxane) 

(PDMS) based soft lithography90. PDMS was chosen due to the price of manufacturing and being 

optically transparent for microscopic visualization. Before synthesis, the microchannels of the 

device are subject to hydrophilic treatment to prevent organic wetting of the channel side walls.91 

The hydrophilic treatment consists of filling all channels with 1%(w/v) poly(vinyl alcohol) (PVA) 

(9-10 kDa, 80% hydrolyzed) for 15 min, followed by removal of PVA by blowing purified N2 gas, 

and placing device in oven at 110 ℃ for 10 min to remove residual PVA. This process is repeated 

2X to ensure maximum hydrophilic coating on PDMS.  

The overall device is shown in figure 2.1, where the central MFFD is placed on an inverted 

microscope (Olympus, USA).  A high-speed camera (Photron Ax100, Photron Inc., San Diego, 
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CA) is attached to the optical microscope to allow in situ visualization of droplet formation which 

guided the optimization of our experimental parameters to achieve droplet flow. The camera has 

high sensitivity and frame rates up to 500,000/s. 

 

   

Figure 2.1. Home-built Flow Focusing Microfluidic Device  

 

Aqueous inlets are separately connected via poly(tetrafluoroethylene) (PTFE) tubing (ID 0.7 mm) 

to a 20 mL gas-tight syringe (Hamilton) containing 1%(w/v) PVA equipped on a dual syringe 

pump (Sage Instruments Model 355 Syringe Pump, Orion Research, USA). The organic inlet is 

connected via PTFE tubing (ID 0.7 mm) to a 1 mL gas-tight syringe (Hamilton) containing organic 

solution equipped on a single syringe pump (NE-1002X Programmable Microfluidics Syringe 
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Pump, New Era Pump Systems Inc., NY, USA). The organic solution was prepared by dissolving 

10-50 mg PLGA (50:50) (Corbion Purac, 5004A, 0.4 IV) in 1 mL dichloromethane (DCM) 

solution containing desired loading mass of Flavopiridol from stock solution (2 mg/mL in 

dichloromethane) (Freebase, Cayman). The outlet is connected via PTFE tubing and immersed in 

a 50 mL round-bottom flask containing 5 mL of 1% PVA which is on the right side of figure 2.2.  

The fluid flow path is seen in figure 2.2A, where the height and width of the channels is 120 and 

300 𝜇m and the flow focusing junction is 100 𝜇m. The droplet generation occurs at the flow 

focusing junction, where the organic phase is sheared by the faster moving aqueous phase into 

monodisperse droplets, this process is visualized in the optical image seen in figure 2.2B.  

 

Figure 2.2. PLGA microparticle synthesis using flow focusing microfluidic device. A. Schematic 

representation describing fluid flow path in organic droplet formation process. B. Optical image 

obtained during microfluidic synthesis of PLGA droplets via high-speed camera.  

 

2.2 Cleaning of PDMS-based Microfluidic Device.  

The PDMS based microfluidic devices explained in the previous sections were subject to cleaning 

protocols to improve the sustainability and lifetime of the devices. Following PLGA microparticle 
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synthesis, the microfluidic device is quite dirty and full of synthesis byproducts as seen in figure 

2.3A and 2.3B. To clean the device channels, a stepwise procedure was developed. First, the 

microfluidic device was placed in 50 mL conical centrifuge tube (CorningTM, Fisher Scientific, 

Hampton, NH), and 40 mL of 0.1 (w/v) Sodium dodecyl sulfate (SDS) in ultrapure water (EMD 

Millipore, Billerica, MA) was added to the tube. The tube was then placed in a bath sonicator 

(Cole-Parmer, Vernon Hills, IL) and sonicated for 15 min. Following sonication, the same steps 

above were applied using acetone. Following acetone treatment, 200 proof ethanol and then 

ultrapure water was used. Finally, this whole process is repeated 2X to ensure adequate cleaning. 

Following complete treatment, the microfluidic channels were blow dry with nitrogen gas. The 

optical images of the cleaned device are seen in figure 2.3C and 2.3D, showing channels free of 

debris and ready to use. 
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Figure 2.3. Cleaning of PDMS-based microfluidic devices. A flow focusing junction following 

PLGA microparticle synthesis. B. Aqueous phase channel corner following PLGA microparticle 

synthesis, C. Flow focusing junction after cleaning. D. Aqueous phase channel corner after 

cleaning.  

 

2.3 Microfluidic Piezo and Cyclone Apparatus for Inhalable Particle Synthesis 

Inhalable particles for pulmonary delivery can be produced in a variety of methodologies, the most 

common being spray drying81, 83, 92-96. Spray drying utilizes a hot gas, usually air to dry a spray of 

micronized droplets produced by fluid pushed through a nozzle.97 This technique is ideal, due to 

production of dried particles without further drying treatment.98 Recently, it has been shown to 
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produce monodispersed particles using spray drying coupled with a multi-orifice piezo device.99 

In this work, we produced our own home-built spray dryer that incorporates a commercial 

humidifier to produce micronized droplets, with a  custom built cyclone separator to collect dry 

particles from nitrogen gas carrier/drying gas. A microfluidic piezo and cyclone apparatus was 

developed to generate inhalable particles as seen in figure 2.4A.  A solution composed of solvent, 

drug, and excipients is pumped via syringe pump and dropped onto the microfluidic piezo array. 

The microfluidic piezo array is a commercial humidifier (Steminc, Davenport, FL) , composed a 

stainless-steel disk with an array of 4- 11 𝜇𝑚 holes, ceramic piezo rings are fixed on the top and 

bottom of the array. The microfluidic piezo is connected to a piezo driver, which is set at the 

resonant frequency of the piezo, 113 kHz. By applying 30 V to piezo driver, the device vibrates at 

113 kHz. The feed solution is dropped on to the vibrating device at 5-30 mL/hr., and gravitational 

force causes the large droplet to be pulled into the array, leading to the formation of a spray of 

micronized droplets. At the top of the acrylic box, which houses the entire apparatus, a nitrogen 

inlet feeds into the enclosure at 20 L/min. As seen in figure 2.4B, the nitrogen gas carries and 

begins to dry the micronized droplets into the custom PTFE funnel and carried into the cyclone 

chamber. In the cyclone chamber, the particles strike the side walls causing a decrease in velocity, 

effectively landing in the glass collection vial, while the gas and evaporated solvent travel to the 

vacuum outlet and are removed via vacuum pump. This entire apparatus can be seen as a “poor 

man’s spray dryer” as it costs ~ $3500, as compared to commercial lab-scale spray drying ~ 

$120,000.  
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Figure 2.4. Microfluidic Piezo Array with Cyclone (MPAC) ambient temperature synthesis of 

inhalable particles. The instrumental set up is shown in (A), and the instrumental process schematic 

is shown in (B). 

2.4 UV-Vis spectroscopy 

Molecular spectroscopy is one of the oldest techniques to characterize molecules, and the basis for 

quantitative treatment started with the formulation of the Beers-lambert law in 1852.100 Originally, 

the detection of a colored solution following reaction by eye was used to qualitatively characterize 

the sample and fast tracking to 2021, drastic advances has been made in molecular spectroscopy, 

especially Ultra-violet visible spectroscopy (UV-Vis).101-104  UV-Vis spectroscopy  is an analytical 

method that measures the absorption of light by a compound between the UV region (190-380 nm) 

and the visible region (380 – 750 nm). The incident light is absorbed by a compound up to certain 

energy levels is an inherent property that is related to transitions between quantized energy levels. 

These transitions can be characterized using a variety of detectors, from a monochromator to photo 

diode array.105 Array based detectors are especially useful, because the full UV-Visible spectrum 
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is the readout, allowing simultaneous analysis of the spectrum. The generic workflow of UV-

Visible spectroscopy is shown below using a photodiode array detector in figure 2.5.

Figure 2.5. Schematic representation of the light path of UV-Vis spectroscopy  

Projected light from a tungsten lamp (370 – 1100 nm) and deuterium lamp (190 – 800 nm) is 

directed toward a lens that focuses it through a quartz cuvette containing a solution with a 

compound of interest. The transmitted light is passed through another lens which focuses it through 

a slit, where it is strikes a diffraction grating which separates into the wavelength range and 

diffracted towards a photodiode array. The photodiode array converts the photonic signal into 

absorbance units corresponding to the wavelength range (190-1100 nm).  

2.5 Attenuated Transmittance Reflectance – Fourier Transform Infrared Spectroscopy  

Fourier transform infrared spectroscopy (FTIR) is a spectroscopic method that quantifies infrared 

light (4000 – 400 𝑐𝑚−1) absorbed by a compound. 106 This light absorbed by the compound causes 

vibrational modes to be activated at certain wavelengths for various functional groups, i.e. C=O 

stretching ~ 1700 𝑐𝑚−1.107 The identification of these vibrational modes is used for detection and 

in some cases quantification of compounds present. FTIR spectrometers commonly consists of 

major components such as an IR source, interferometer, sample cell, detector, and finally a 
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computer.106 The components of the FTIR instrument are seen in the block diagram below in figure 

2.6.  

 

Figure 2.6. Block diagram of FTIR 

The IR source generates radiation using heated compounds like silicon carbide.108  The IR beam 

is then passes through a collimator, where the beam is focused towards a beam splitter. The beam 

splitter is a Michelson interferometer, which is widely considered the core of the FTIR, and 

allowed researchers to generate IR spectrum in seconds as compared to longer times previously.109 

The interferometer splits the IR beam into two beams, one beam travels towards a fixed mirror, 

while the other travels to a moving mirror, such that the intensity difference between the two beams 

when recombined is measured as a function of the difference of the beam paths. After recombining, 

the IR beam travels to the sample cell, where compound absorbs IR radiation. In this region, the 

sample is either in a solution/gas cell or an attenuated total reflectance (ATR) attachment where 

compound can be studied in liquid or solid state. The schematic of the ATR sampling method is 

seen in figure 2.7. An IR beam which is focused through a lens and the incident beam is directed 

through an ATR crystal and the beam is reflected internally in the ATR crystal, under a method 
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called, total internal reflection, where it forms an evanescent wave extending into the sample up 

to a 2 𝜇m depth.110 Following exiting of sample, the beam is captured by a detector, generally a 

pyroelectric detector. The resulting readout on a computer shows an interferogram, where a Fourier 

transform is applied resulting in FTIR spectrum. 

Figure 2.7. Schematic representation of the principle of ATR 

2.6 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) is a technique that that scans a focused beam of high-energy 

electrons across a solid sample, generating a variety of signals to characterize the samples. These 

signals derive from the electron-sample interactions which reveals information on sample 

morphology, geometry, and in some set-ups chemical information. 111-112 The instrumental SEM 

schematic is shown in figure 2.8, where the movement and manipulation of electrons is visualized. 
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An electron gun which is generally fitted with a low-cost tungsten cathode filament, is 

thermionically heated to produce high energy electrons, typically up to 40 keV. This beam is then 

received by an anode which guides the electrons through the open core. Upon exiting the anode, 

the beam is focused by a converging lens, to a narrow beam, usually up to 5 nm in diameter. This 

narrow electron beam then enters a scanning coil, which configures the electron beam scanning 

into a raster movement. This raster scanning is then applied to the selected area on the surface of 

the sample, effectively decelerating the incident electrons on the sample causing various signals 

to be produced. The signals are generated by the electron-sample interaction, which includes the 

creation of secondary electrons, backscattered electrons, and characteristic x-rays. The detection 

of secondary electrons produces the SEM image seen on the TV screen, revealing the morphology 

and topography of the sample, which have area and spatial resolution as low as 25 𝜇𝑚2 and 50 

nm. The backscattered electrons detected reveal the differing contrast composition in multiphasic 

materials. The characteristic x-rays are produced by inelastic collisions from incident electrons 

onto electrons in discrete orbitals, effectively promoting electrons to a higher energy state, and 

releasing x-rays when retuning to lower states. The characteristic x-rays can be used to determine 

elemental compositions when the SEM is coupled with energy disruptive spectroscopy (EDS). 113  
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Figure 2.8. Schematic representation of SEM imaging  

2.7 Atomic Force Microscopy  

Atomic force microscopy (AFM) is a scanning probe microscopic technique, invented by Binnig, 

Quate and Gerber in 1986.114-115 This technique is utilized to image the topography of a sample 

surface with nanometer scale resolution, reaching lateral and vertical resolutions as high as 0.1 Å 

and 0.01 Å. This technique was developed to image non-conductive surfaces, which scanning 

tunneling microscopy could not achieve, opening the doors to image a range of new materials.116-

119 AFM imaging can also be used on delicate systems like proteins, where application of force is 

as small as 10−18 N. 119 AFM functions by scanning a selected area of a surface using sharp tip, 
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generally 𝑆𝑖3𝑁4, using a raster pattern, effectively mapping the topography of the surface. This 

can be accomplished using various imaging modes, including constant contact and intermittent 

contact. In this dissertation, intermittent contact mode, also called tapping mode, was utilized. This 

is accomplished by vibrating the tip very close to its resonant frequency by subjecting it to an 

oscillating voltage. As the tip is vibrating, it is brought close to the sample surface, such that the 

decreased contact allows the desired level of dampening to be attained. The level of dampening is 

tracked by reflecting a laser spot from the hind of the cantilever, such that the reflected beam is 

focused onto a split photodiode detector (SPD) as shown in figure 2.9.  

 

Figure 2.9. Schematic representation of AFM imaging 

The beam position is monitored, until the desired dampening is achieved, and feed-back loop is 

created such that the piezo on the cantilever can maintain the tip-surface distance for desired 

dampening. This piezo movement allows precise mapping of  the topography of a surface. Another 

readout from tapping mode is the characterization of mechanical properties of different samples, 

i.e., soft or sticky, this is achieved through determination of the offset-phase of the cantilever 

oscillation.  
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CHAPTER III  

A Green Approach to Producing Polymer Microparticles for Local Sustained Release of 

Flavopiridol 

3.1 Introduction 

Injectable drug loaded microparticles have been used for applications such as bone regeneration 

and these microparticles are synthesized with a range of different materials suited to its 

application.120 For examples, silica particles are mostly used due to their high range of surface 

functionality with different functional groups. Microparticles of poly(lactic-co-glycolic acid) 

(PLGA) have shown great promise in local sustained delivery of medicine as well as improving 

osteoinductivity and bone healing, owning to their biodegradable property and high 

biocompatibility.30, 35-39  These particles were typically produced via conventional emulsion, which 

frequently utilized toxic organic solvents, such as dichloromethane (DCM).40-41 Conventional 

emulsion has advantages of simplicity, but frequently exhibits limitations such as batch-to-batch 

irreproducibility in drug release kinetics, primarily attributed to large variation in particle size and 

intra-particulate structure.42   Microfluidic flow-focusing device (MFFD) was introduced to 

address these limitations and are capable of producing monodispersed particles such as quantum 

dots, photonic particles, textiles, and polymer microparticles.34, 42-47  MFFD typically produce 

particles with near monodispersion, and high reproducibility in size, load, and  drug release 

profiles.  The process also had less waste due to lower working volume.48 

__________________________ 

ʆ Reproduced in part with permission from Chemical Research in Chinese Universities (1) Owen, 
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M. J.; Yik, J. H. N.; Ye, C.; Netto, B.; Haudenschild, D. R.; Liu, G.-y. A Green Approach to 

Producing Polymer Microparticles for Local Sustained Release of Flavopiridol. Chemical 

Research in Chinese Universities 2021, 37 (5), 1116-1124. Copyright © 2021 Springer Nature 

 

Despite these new advances, DCM has remained as the organic phase solvent in most MFFD 

syntheses.42, 49-50 DCM is a volatile organic compound (VOC) and a known carcinogen,51 referred 

to as a Class 2 solvent as per International Council for Harmonization (ICH), whose residual 

amounts in medicinal products is limited to no more than 600 ppm.51-52 DCM was recently banned 

for consumer use, to protect health and environment regulated by the United States government 

and environmental protection agency (EPA).53 Green chemistry principles  are strongly 

encouraged in  chemical synthesis54, thus it is essential to seek an alternative and green solvent to 

replace DCM in production of drug delivery polymer particles.   

Using flavopiridol (FLAP) encapsulated in PLGA microparticles40-41, 72, 121-122 as an example, this 

work reports  the use of dimethyl carbonate (DMC) in the encapsulation of FLAP  in PLGA 

particles.  FLAP is a cyclin-dependent kinase inhibitor currently in development for anti-cancer123 

and osteoarthritis treatments.64, 68, 124  DMC is classified as a green solvent 125 and exempt from 

restrictions of VOC by the EPA in 2009.52  Our results demonstrate that using the green solvent 

does not hinder the synthesis process or product quality in MFFD. In fact, the use of DMC 

preserves the narrower size distribution, with high reproducibility in particle size and drug load. 

In addition, the particles exhibited drug release profiles more desirable for local sustained release 

in joints, an effective means for preventing post-traumatic osteoarthritis (PTOA).124 Further, the 

biological activity and cytotoxicity of the FLAP encapsulated PLGA are measured via in vitro 

cell-based assays. The sustainability and greenness are assessed by comparing our MFFD synthesis 

using DMC with that of using DCM.  
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3.2 Materials and Methods  

3.2.1 Materials 

PLGA (PURASORB PDLG 5004A 50:50 DL-lactide:glycolide) was purchased from Corbion 

(Amsterdam, Netherlands). DMC, DCM, dimethyl sulfoxide (DMSO), poly(vinyl alcohol) (PVA) 

(80% hydrolyzed, MW 9000-10000; 98-99% hydrolyzed, MW 30000 - 40000), and tween 20 were 

all purchased from Sigma Aldrich (St. Louis, MO). Phosphate-buffered saline (PBS) (1X) was 

purchased from Mediatech (Manassas, VA).  FLAP was purchased from Cayman Chemical 

Company (Ann Arbor, MI). Dulbecco’s modified Eagle’s Medium (DMEM), Fetal Bovine Serum 

(FBS), and 96 well plates were purchased from Fisher Scientific (Hampton, NH). Human 

embryonic kidney 293 cells (HEK-293) were purchased from ATCC (Manassas, VA). Nuclear 

factor kappa B (NF-𝜅B) reporter (cat # H-60650) were purchased from BPS Bioscience (San 

Diego, CA). Tumor necrosis factor alpha (TNF-𝛼) was purchased from Peprotech (Rocky Hill, 

NJ). 1X Lysis reagent (Cat # E1500) and Luciferase substrate (Cat # E151Z) were purchased from 

Promega (Madison, WI). CyQUANT LDH Cytotoxicity assay kit (Cat # C20300) was purchased 

from Invitrogen (Carlsbad, CA). Liquid and gaseous nitrogen were purchased from UC Davis 

(Davis, CA). Poly(tetrafluoroethylene) (PTFE) tubing was purchased from Cole-Parmer (Vernon 

Hills, IL). Ultrapure water with a resistivity of 18.2 MΩ·cm was generated using a Millipore Milli-

Q system (EMD Millipore, Billerica, MA).   

 

3.2.2 Production of FLAP-Loaded PLGA microparticles 

The flow-focusing microfluidic device was fabricated as per our design (using AutoCAD 2018) 

by uFluidix (Toronto, Canada). The channels, shown in Figure 3.1, are 120 μm tall, and 300 μm 

wide, tapering to 100 μm at the crossing. Each device was made of poly(dimethyl siloxane) 
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(PDMS) using soft lithography technique90 and bonded to a glass slide. The microfluidic channels 

were pretreated to hydrophilic using PVA, following protocols described previously.91 Briefly, the 

microfluidic device was activated via plasma treatment (Harrick Plasma, Ithaca, NY) for 5 min, 

followed by filling the channels with 1% PVA aqueous solution for 15 min. Afterward, PVA 

solution was removed from the channel by blowing N2 gas and then was placed the entire device 

in an oven at 110 ℃ for 15 min. The PVA treatment was repeated 3 times to ensure the interior of 

the channel is coated by PVA, i.e., becomes hydrophilic.  

FLAP loaded PLGA microparticles were prepared following similar procedures reported 

previously.42 Briefly, FLAP and PLGA were dissolved in DMC to the designated concentration, 

then the solution was pulled into a syringe mounted on a syringe pump (New Era Pump Systems 

Inc., Farmingdale, NY).  The 1% w/v PVA aqueous solution was prepared following standard 

protocols91 and was transferred into two syringes mounted on a syringe pump. The three outputs 

from the syringes were connected via PTFE tubing to the inlets of the three channels on the device, 

as illustrated in figure 3.1.  The reaction began by flowing the dispersed organic phase and the 

continuous aqueous phase at designated flow rates of Qd and Qc, respectively. The organic phase 

droplet formation was visualized in-situ, using an inverted microscope (Olympus corp., Tokyo, 

Japan) equipped with a Photron AX-100 high-speed camera (Photron USA Inc., San Diego). The 

droplet containing liquid flowed through the outlet channel of the microfluidic device (Fig. 1) and 

was collected by a round bottom flask containing 1 % w/v PVA. Duration of synthesis ranged from 

1-10 hr, depending on the amount of material needed. The flask was mounted to a Buchi R300 

rotational evaporator (Buchi corp., New Castle, DE) to remove DMC under reduced pressure at 

room temperature (40 mbar, 5 min). Then the remaining PLGA microparticles were collected and 

subject to centrifugation (2500 RPM, 10 min) and washed 3X with Milli-Q water to remove 
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residual PVA. Finally, the microparticles were quickly frozen in liquid nitrogen and lyophilized 

(Labconco corp., Kansas City, MO) to dryness overnight.   

  

Figure 3.1 Schematic representation of the microfluidic flow-focusing device using DMC versus 

DCM as the organic phase solvent.  The organic phase input channel is highlighted in blue, while 

the two inputs of aqueous phase containing PVA are in grey. The droplets formed due to flow 

focusing were collected for subsequent treatment including washing and drying to  produce PLGA 

microparticles.   

 

3.2.3 Measurements of load and encapsulation efficiency of FLAP in PLGA microparticles 

The amount of FLAP encapsulated in PLGA microparticles was determined by first collecting and 

then dissolving ~1 mg of particles (mparticles) in 1 mL DMSO. The solution was subject to UV-Vis 

spectroscopy using a Denovix DS-11 spectrometer (Denovix Inc., Wilmington, DE), from which 

absorbance (A) at characteristic FLAP peak was measured.  The molar extinction coefficient (𝜖) 

of FLAP was calibrated using standard solutions range from 1 to 100 𝜇M, then the concentration 

of FLAP, c,  in the DMSO solution was calculated using Beer’s Law in eq. (1),   

𝐴 = ϵcL (1) 
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 where L = 1 cm is the light path through the solution. With the determination of c, the encapsulated 

mass of FLAP (mFLAP) in the PLGA particles was determined by multiplying c with the volume 

(1.00 mL) and molar mass of FLAP. Then the loading capacity (LC) was be quantified using eq. 

(2). 

LC = (
mFLAP

mparticles
) × 100% (2) 

The encapsulation efficiency (EE) is defined as the mass of FLAP encapsulated (𝑚𝐹𝐿𝐴𝑃) divided 

by that of the initial FLAP used (mFLAP,initial).  The mintial was determined using eq. (3)  

mFLAP,initial = cFLAPQorgt (3) 

where, cFLAP is the concentration of FLAP in the syringe, Qorg is the organic phase syringe pump 

flow rate, and t is the time of collection. The EE is defined and calculated by dividing the mFLAP by 

the initial mass of FLAP (mFLAP,intial) following eq (4). 

EE = (
mFLAP

mFLAP,initial
) × 100% (4) 

 

3.2.4 Scanning Electron Microscopy Imaging  

The particle geometry and size were determined using scanning electron microscopy (SEM) 

imaging using a field emission SEM (S-4100T, Hitachi High Technologies America, Inc., 

Pleasanton, CA). The sample preparation involved depositing 10 μL of PLGA particle dispersion 

in Milli-Q water onto an Al-stub, then washing with milli-Q water and drying. The dried sample 

was then coated with 10 nm of gold via sputter coating (Ted Pella Inc., Redding, CA) and 

transported to the SEM vacuum chamber. For SEM imaging, typical acceleration voltage and 

emission current were 2 kV at 10 𝜇A, respectively.  The SEM images were processed in Image J, 

from which the microparticle diameter and dispersity were determined. The dispersity, quantified 
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using the coefficient of variation (CV), was calculated using eq. (5), where σ is the standard 

deviation, d̅ represents the average diameter.  We used more than 100 particles for determination 

of CV in each set of samples. 

CV = (
σ

d̅
) × 100% (5) 

 

 

3.2.5 Measurement of the release of FLAP from PLGA microparticles 

In vitro release experiments were carried out following established protocols42 to determine the 

FLAP release kinetics using PLGA microparticles as carriers. First, 4 mg of lyophilized PLGA 

microparticles loaded with FLAP were dispersed in 0.5 mL of 1X PBS/0.2% Tween-20 aqueous 

solution at 37 °C. The Tween-20 solution was added to ensure sink conditions, such that the 

dissolution medium can dissolve at least two times the amount of FLAP encapsulated.126 At 

selected time points, the solution was centrifuged at 4000 rpm for 5 min and the supernatant was 

extracted for determination of FLAP concentration using UV-Vis spectroscopy (see previous 

section). The particles were then dispersed again in 0.5 mL fresh medium until the next time point.  

The in vitro release at given time point, t, were quantified by the cumulative percentage of FLAP, 

defined as the total released divided by the total encapsulated FLAP, mFLAP.  At each given time 

point, the FLAP mass in the supernatant solution, mt , can be determined using UV-Vis 

measurements of its FLAP concentration. Therefore, the cumulative percentage of FLAP can be 

calculated using eq (6) by adding the amount of FLAP released at each time point (∑ 𝑚𝑡
𝑡=𝑡𝑓
𝑡=0 ) until 

the designated time, t, then divided by the amount of FLAP encapsulated (𝑚𝐹𝐿𝐴𝑃).  

Cumulative Release (%) =
1

mFLAP
∑mt

t=tf

t=0

 (6)  



26 
 

3.2.6 Cytotoxicity Assay 

The toxicity of released FLAP was measured in HEK293 cells using the CyQUANT LDH 

cytotoxicity assay kit according to the manufacturer’s instruction and as reported previously.64 

Release medium was collected from the in vitro release experiments described above for both 

FLAP-loaded and empty PLGA microparticles. The concentration of released FLAP was 

determined using UV-Visible spectroscopy at 274 nm, and subsequently diluted with culture media 

(DMEM + 10% FBS) to designated concentrations of FLAP. To determine cytotoxicity, cells were 

seeded in a 96-well plate (10,000 cells/well) and cultured in an incubator (37 °𝐶, 5% CO2). After 

24 hours, cells were treated with 200 𝜇L of culture media with different concentrations of FLAP 

in each well.  After 5 hours, 50 μL of media was collected and mixed with 50 μL of LDH assay 

buffer, incubated for 30 minutes at room temperature for each well. Then 50 μL of stop solution 

was added and the optical density at 490 and 680 nm was measured with a fluorescence plate 

reader (Synergy HT plate reader, BioTek Instruments). The effects of release medium containing 

FLAP on the absorbance reading was compared to that of control cells, i.e., cells treated with media 

only. 

 

3.2.7 Bioactivity Assays 

The bioactivity of FLAP released from PLGA microparticles was determined by a luciferase 

reporter assay as described previously.127 The release medium was collected and diluted to various 

FLAP concentration as described in the cytotoxicity assay. Briefly, a HEK293 cell line harboring 

a luciferase reporter gene driven by a NF-kB promoter was seeded in a 96-well plate at ~50% 

confluency (5,000 cells/well in 96-well). Cells were treated in triplicate with 0.6 nM of TNF-𝛼, in 

the presence or absence of 200 𝜇L culture media containing released FLAP at designated 
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concentrations in each well. After 16 hours, cells were lysed with 50 μL of 1X lysis reagent in 

each well. Then 5 μL of lysate were mixed with 25 𝜇L of luciferase substrate for each well and 

luminescence was measured by a luminometer (GLOMA X 20/20 Luminometer, Promega, 

Madison, WI). 

 

3.2.8 Green E-Factor Calculation 

The green E-Factors of using DMC versus DCM were quantified to demonstrate the greenness and 

sustainability of our PLGA microparticle synthesis. The simple E factor (sEF) and the complete E 

factor (cEF) were based on a simple mass balance using previously described methods.128 This 

method was applied to quantify our PLGA microparticle formation via MFFD using DCM versus 

DMC:  

sEF =
∑m(raw mat. ) + ∑m(reag) − m(prod. )

m(prod. )
 

                  =
mPLGA +mFLAP,initial +mPVA −mparticles

mparticles
 (7) 

cEF =
∑m(raw mat. ) + ∑m(reag. ) + ∑m(solv. ) + ∑m(water) − m(prod. )

m(prod. )
 

=
mPLGA +mFLAP,initial +mPVA +morg.solv. +mwater −mparticles

mparticles
 (8) 

where ∑m(raw mat. ) represents the total mass of PLGA (mPLGA) and FLAP (mFLAP,initial) in 

microfluidic synthesis of FLAP-loaded PLGA microparticles. ∑m(reag) represents the mass of 

all the other reagents used in the synthesis, e.g., mass of PVA (mPVA). The m(prod.) was the total 

mass of PLGA particles produced, i.e., mparticles. ∑m(solv. ) and ∑m(water) were the total mass 

of organic and aqueous solvents, respectively, in our MFFD synthesis, morg.solv. and mwater, 

respectively. The descriptions and values inputted into equations 7 and 8 are shown in Table 3.3 
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(discussed in the next section).  

 

3.2.9 GSK Greenness Calculation 

The greenness of the organic solvents used in our PLGA microparticle synthesis was determined 

using a GlaxoSmithKline (GSK) guide.124, 129  The GSK guide contains four main green metric 

categories, and each category contains multiple assessment areas that are individually assessed. 

The assessment areas for each solvent are Incineration (Ic), Recycle (Rc), Biotreatment (Bt), VOC 

emissions (Vc), Environmental impact aqueous (Aqc), Environmental impact air (Aic), Health 

hazard (HHc), Exposure control (EPc), and Flammability & Explosion (FEc), Reactivity (RSc). 

Each area is assigned a score ranging from 1 – 10, where the highest score represents lowest 

environmental impact. The four categories used in this green metric were waste (Wm), 

environment (Em), human health (HHm), and process safety (PSm).  The four categories are 

calculated in Eqs. (9)-(12) below.   

Wm = √Ic x Rc x Bc x Vc
4

 (9) 

Em =  √Aqc x Aic (10) 

HHm = √HHc x EPc (11) 

PSm = √FEc x RSc (12) 

After determining the four category values of each solvent, the overall GSK greenness was 

calculated using eq. (13). 

GSK Greenness =  √Wm ×  Em × HHm ×  PSm
4

 (13) 

 

3.3 Results and Discussion   

3.3.1 Encapsulation of FLAP in PLGA Microparticles 
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Using MFFD, we began our synthesis of FLAP encapsulated PLGA microparticles. DMC was 

used as the organic phase solvent, in which 10 mg/mL PLGA was dissolved.  FLAP was added to 

the same DMC until 1.22% (w/w) concentration. Under the aqueous phase flow rate, Qaq = 6 

mL/h and organic phase flow rate Qorg =  0.1 mL/h, the organic phase was sheared by the aqueous 

phase, producing spherical droplets at the orifice. The PLGA microdroplets were clearly visible at 

the cross section and to the exit channel.  Following the post synthesis treatment and drying 

described, the particles were imaged using SEM ( Figure 3.2A). The particles are uniform with 

diameter measured 15.1 ± 0.6 μm, (CV = 3.9%).  Increasing the concentration of PLGA, while 

keeping other conditions constant, yielded larger particles. As summarized in Table 3.1, increasing 

the PLGA concentration to 40 mg/mL allowed production of particles with a diameter of 32.4 ± 

1.0 μm, (CV = 3.1%).  PLGA particles without drug encapsulation were produced using the same 

protocols without adding FLAP into the organic phase, as also included in Table I. By varying the 

PLGA concentration from 5 - 50 mg/mL, while keeping flow rates constant, and particle sizes 

could be controlled from 5 to  50 𝜇m.   

 

Table 3.1 Conditions in MFFD synthesis of PLGA microparticles in correlation to the particle size 

and FLAP loading efficiency. 

 

The loading capacity of FLAP was measured using UV-Vis absorption spectroscopy after fully 

dissolving the particles. Figure 3.2B compares the spectra of the particle solutions (green line) 
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with a standard 100 𝜇𝑀 FLAP in DMSO (black solid line), and that of placebo PLGA 

microparticles (broken line).  The spectrum from the encapsulated PLGA particles (FLAP-PLGA) 

resembles that of the standard flavopiridol solutions.  The PLGA microparticles lack an absorption 

peak at 380 nm.  Thus, the absorbance at 380 nm was used to determine the total FLAP 

encapsulated in the PLGA microparticles. With the extinction coefficient at 380 nm determined to 

be 5,456 𝑀−1𝑐𝑚−1, the LC value was calculated to be 0.65 ± 0.12 % (w/w). The EE value of 

these microparticles reached 55.0 ± 3.0 %. To the best of our knowledge, this is the first time that 

FLAP was encapsulated within PLGA particles using a green solvent and the loading capacity, 

0.65 % (𝑤/𝑤), is similar to previous work with FLAP encapsulation using conventional emulsion 

and DCM.40 The 32.4 μm microparticles exhibited similar LC of 0.58 ± 0.02 % (w/w), and EE = 

65.2 ± 0.1 %. The trend that EE increases with the increasing of microparticle diameter is 

consistent with the behavior of PLGA microparticles synthesized using conventional and MFFD.59   

 

Figure 3.2 (A) An SEM image of PLGA microparticles with FLAP encapsulation made via MFFD 

under conditions summarized in Table I, first row. (B) Absorption spectra of the same batch of 

sample after dissolving in DMSO (green solid line), displayed with that of 100 𝜇𝑀 FLAP in 

DMSO (black solid line) and PLGA microparticles (black broken line). The absorption at 𝜆𝑚𝑎𝑥 = 

380 nm was used to quantify FLAP concentration and calculate mass of loading.   
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3.3.2 Targeted release kinetics in order to fulfill sustained release at human joint  

In delivery of FLAP encapsulated 15.1 𝜇m microparticles (FLAP-PLGA) to human joint, the 

required concentration of FLAP in the synovial fluid should be 300 nM, preferable if maintained 

for at least 30 days.40, 64, 72  Two chemical processes impact the concentration of soluble FLAP in 

the joint space, as illustrated in Scheme 3.1: dissolving of FLAP from the FLAP-PLGA 

microparticles, and clearance of soluble FLAP from the synovial fluid by the body.  The former 

follows zeroth order kinetics, while the latter follows 1st order kinetics.  It is also known that the 

clearance rate, measured by half-life of the drug, for adult knee joints, is about 2 hrs. 130 As shown 

in figure 3.3, FLAP is incorporated in PLGA microparticles and added to a saline solution of 300 

nM of soluble FLAP, where it is delivered to the synovial joint of an injured human knee via 

intraarticular (IA) injection. Following injection, the fate of flavopiridol is shown in scheme 3.1 

and described in figure 3.3, where initially the concentration of flavopiridol in the synovial joint 

is 300 nM and is quickly replenished with a half-life (t1/2) of 2 hours. 

Scheme 3.1 Chemical kinetics of FLAP from PLGA microparticles upon delivery to the synovial 

environment.   

 

In order to reach the local sustained release required, the soluble FLAP concentration must be 

maintained at ~ 300 nM.  Therefore, the delivery mixture targets to meet two conditions: 

(a) The delivery mixture contains FLAP-PLGA particles plus soluble FLAP at ~ 600 nM, and 

the total volume is approximately equal to the synovial fluid at the joint.  As such the initial 

FLAP concentration would be ~ 300 nM. 

(b)  The dissolving of FLAP from FLAP-PLGA and the clearance of FLAP from the synovial 

fluid must reach  a steady state (SS). In another word, the kinetics of our particles must 
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satisfy the kinetics equation (1) below.    

 

Figure 3.3 Schematic of Intraarticular injection into the Synovial joint and Kinetics of Flavopiridol 

Transport. 

d[FLAP]

dt
= krelease − kclearance[FLAP] = 0 (14) 

Where krelease and kclearance are rate constant  of FLAP dissolving from PLGA and being cleared by 

the body from joint, respectively. 

 Plugging in the known clearance rate, kclearance =
ln(2)

t1
2

 and [FLAP] = 300 nM into eq. (14)  yields 

eq. (15)  

krelease =
ln(2)

t1
2

[FLAP] = 104 nM/hr (15) 

The desired value of krelease = 104 nM/hr, in other units, 2495 nM/day.  

The Food and Drug Administration, states that 80% of drug released is considered complete, 

therefore the slope can be found using the following analysis.  

𝑤30𝑑𝑎𝑦𝑠

𝑤𝑡𝑜𝑡
=
𝑘𝑟𝑒𝑙𝑒𝑎𝑠𝑒 𝑥 30 𝑑𝑎𝑦𝑠 𝑥 𝑉 𝑥 𝑀𝑊

𝑤𝑡𝑜𝑡
= 80 % (16) 

𝑤1𝑑𝑎𝑦

𝑤𝑡𝑜𝑡
=
𝑘𝑟𝑒𝑙𝑒𝑎𝑠𝑒  𝑥 1 𝑑𝑎𝑦 𝑥 𝑉 𝑥 𝑀𝑊

𝑤𝑡𝑜𝑡
= 𝑋 (17) 
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1

30
=

𝑋

80%
 (18) 

𝑋 =
80 %

30
= 2.7% (19) 

As shown above in eq. (16), the cumulative weight of FLAP until 30 days (𝑤30 𝑑𝑎𝑦𝑠) is normalized 

by the total encapsulated weight of FLAP (𝑤𝑡𝑜𝑡) and set equal to 80%. This can be rewritten using 

dimensional analysis which involves the product of the release constant found in eq. (15), 30 days, 

volume of synovial fluid (V), and the molecular weight of FLAP (MW). To determine the 1-day 

release %, the cumulative weight of FLAP released after 1 day (𝑤1 𝑑𝑎𝑦) is normalized using 𝑤𝑡𝑜𝑡 

and follows the same dimensional analysis as eq. (16). The slope (X) is determined by the ratio of 

eq. (17) and eq. (16). This operation as shown in eq. (18-19) yielding a slope of 2.7%/day.  

 

3.3.3 Drug Release Profiles 

The estimated therapeutic dosage of FLAP, in vivo, is 300 nM for at least 21 days with 30 days 

preferred.40, 64, 72 The half-life of drug clearance from the joint is approximately 2 hrs, following 

preclinical pharmacokinetics of mice.130 Thus the release kinetics for FLAP-PLGA must reach 

2,495 nM/day. In addition, the Food and Drug Administration (FDA) guidance for the 

pharmaceutical industry states that drug release is complete at 80% or an asymptote is reached.131 

Assuming linear release, the corresponding cumulative release rate in vitro  is calculated to be 

2.7%/day of FLAP , as shown in figure 3.4 (broken line).  Further, the FLAP-PLGA release profile 

needs to maintain 300 nM FLAP concentration within the first 30 days.  Collectively, if our 15.1 

mm FLAP-PLGA particles were used for a knee joint, the final formulation in the syringe for 

injection would be 5 mL of synovial fluid containing 1.2 𝜇g of soluble FLAP (i.e., initial 

concentration of 300 nM) and 23.1 mg of FLAP-PLGA (see also the SI for detailed calculations).   
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The release profiles for the 15.1 mm FLAP-PLGA microparticles (row 1, Table 1) was measured 

for 30 days (green dots) and are displayed in the same coordinate as the required profile in figure 

3.4.  The release profile for the 15.1 μm particles is approximately linear, with the slope of 

2.6%/day as per least square fitting (𝑅2 = 0.98).  This release profile clearly satisfies the 

pharmacokinetics in vivo.  For comparison, particles made from conventional emulsion using 

DCM (solid black dots) are plotted also in the same coordinate.  The average diameter for these 

PLGA particles as measured via SEM imaging is 18.9 μm, with diameter ranging from 3.8 to 30.9 

μm.40 The in vitro release profile of these particles (black dots in Figure 3) is not linear, beginning 

with a rapid release ~6.3%/day for 4 days, then a slower release of ~ 1.2%/day until day 40. The 

narrow size distribution and degradation behavior (see next section) of our FLAP-PLGA particles 

are likely responsible for a more controllable and linear release profile.   

 

Figure 3.4 In vitro release profiles of the 15.1 𝜇m PLGA particles produced via MFFD using 

DMC (green circles), and that of in vitro profiles from conventional emulsion (black circles), and 

the targeted linear release profile (dashed black line). In each synthesis method, data are expressed 

as mean +/- SD from n = 3 independent batches of microparticles.    
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3.3.4 The PLGA microparticles retain structural integrity during sustained release  

The degradation of the PLGA microparticles were monitored using SEM imaging of these particles 

taken from designated time point during the in vitro release. Twin samples were used, one for 

kinetics and another for degradation measurements, to assure reliable comparison.  Figure 3.5 

shows the representative SEM images of the 15.1 𝜇m particles during in vitro release.  Initially (0 

day), the microparticles had a spherical shape with a smooth exterior morphology and a uniform 

diameter of  15.1 ± 0.6 𝜇m. At 3 days, most particles remained similar in size, geometry and 

morphology, a small portion, 27%, of the particles began to deform, i.e., flattening to some degree.  

At 7 days, the exterior surface of the particles appeared rough, with small surface dimples (< 1 

𝜇m) all over. The geometry of the particles also begun to deform with indentations, and the 

diameter of the microparticles increased to 17.0 ± 0.9 𝜇m, indicating the geometry change from a 

sphere to a pancake. At 21 days, most microparticles flattened into a pancake shape, with diameters 

measured 29.2 ± 4.2 𝜇m. The surfaces of these pancake shaped particles appeared rough with 

small number of cracks at the sides. At 30 days, almost all microparticles have flattened, and many 

degraded into pieces.  The SEM investigations indicated that our particles remained intact for at 

least 3 weeks.  

 

Figure 3.5 SEM imaging of PLGA microparticles taken at designated time points (see above the 

images) during in vitro release measurements. Scale bars = 20 𝜇m.  



36 
 

The particle size distribution was determined for the spherical microparticles undergoing in vitro 

release in figure 3.6.  As shown below in figure 3.6, the particle distribution from days 0 – 7 were 

determined.  

 

Figure 3.6. Particle size distribution of FLAP-PLGA during in vitro release for three data points 

at t = 0, 3, 7 days. 

 

As seen in Table 3.2, the average microparticle diameter decreases slightly from 15.1 ± 0.6 𝜇m to 

15.0 ± 0.7 𝜇m during degradation from 0 – 3 days. From 3-7 days, the average microparticle 

diameter increases to 17.0 ± 0.9 𝜇m. The dispersity as determined by the CV, increases from 3.9 

% to 4.7% after 3 days and  to 5.3 % after 7 days. From this data, we can conclude that the 

microparticles are monodispersed up to 3 days, after which degradation causes polydispersity in 

particle diameter.  
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Table 3.2 Statistics of FLAP-PLGA during in vitro release from 0-7 days 

 

In order to meet the local sustained release requirement for intra articular injection in the synovial 

joint, microparticles need to be retained locally in the joint. Although many factors impact the fate 

of these microparticles in vivo, one obvious factor is the synovial membrane pore diameter, ~ 20-

90 nm for human knees.132 Thus, microparticles throughput the 30-day duration shall at least 

exceed 90 nm to remain in the joint. In addition, microparticles below 10 𝜇m could be subject to 

phagocytosis by macrophages, while microparticles above 100 𝜇m could elicit an inflammatory or 

foreign body reactions forming foreign body giant cells.133-134 Thus, PLGA particles shall fall in 

between 10-100 𝜇m during the 30-day period.  In fact, a PLGA microparticle therapy (ZILRETTA 

® by Flexion) with encapsulated corticosteroid, triamcinolone acetonide (TA) met FDA approval 

for treatment of OA. These microparticles were in the size range of 20-100 𝜇m in the synovial 

fluid for 12 weeks post injection.135-136  This size range is consistent with our in vivo considerations 

discussed above. Since our PLGA particles remained intact and maintained at least 15.1 μm for at 

least 3 weeks, these particles are expected to remain inside synovial joint upon local delivery.  

 

3.3.5 Bioactivity and Cytotoxicity Tests 

The biological activity of FLAP was assessed using a luciferase assay127. During this assay, the 

presence of TNF-𝛼 activates luciferase expression driven by the NF-KB promoter, which in the 
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presence of FLAP will be suppressed. As expected, maximum luciferase activity was detected in 

cells treated with TNF-𝛼 diluted in media only, or release medium from blank PLGA 

microparticles with no statistical difference as shown in Figure 3.7.   In comparison, cells treated 

with released media from FLAP-PLGA demonstrate a dose-dependent inhibition of luciferase 

activity, with greater inhibition resulting when FLAP concentration increases from 30 to 300 nM. 

This result suggests that the biological activity of FLAP released from PLGA microparticles is 

retained in our deliver vehicles and approaches.   

  

Figure 3.7 Bioactivity of released FLAP measured by luciferase assay.  Released FLAP (FLAP-

PLGA), and release medium from blank PLGA microparticles (PLGA) were assessed of their 

bioactivity through suppression of luciferase activity in HEK-Luc reporter cells stimulated with 

TNF-𝛼 (0.6 nM). Experiments were performed in triplicate (N=3)from one batch of particles, and 

results were reported as mean +/- SD.  Measurements were taken in conjunction with Dr. Jasper 

Yik and Dr. Dominik R. Haudenschild  in the School of Medicine at University of California, Davis. 

 

As shown in figure 3.8, the cytotoxicity of released FLAP (300 nM) from PLGA microparticles 

on HEK cells was assessed using an LDH cytotoxicity kit. As a positive control, cells treated with 
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lysis buffer showed the largest absorbance, indicating 100% cell death. As a negative control, cells 

treated with media only showed the lowest absorbance, where no or minimal cytotoxicity is 

expected.  Moreover, results from cells treated with either free FLAP, released media from FLAP-

PLGA or PLGA only, were statistically indistinguishable from the negative control. 

 

Figure 3.8 Assessment of cytotoxicity of Released FLAP from Encapsulated PLGA 

Microparticles. Sample treated with lysis buffer indicated maximum cell death. The media only 

group was the negative control, where cell death was minimum. Cytotoxicity of free FLAP (FLAP) 

was compared to that of the released FLAP (FLAP-PLGA) and blank PLGA (PLGA). Experiments 

were performed in triplicate measurements on one batch of particles (N=3) and results were 

reported as mean +/- SD. Measurements were taken in conjunction with Dr. Jasper Yik and Dr. 

Dominik R. Haudenschild in the School of Medicine at University of California, Davis. 
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3.3.6 GSK Greenness and sustainability metrics 

The toxicity and the overall greenness were assessed by comparing the green solvent, DMC, used 

in this work, with that of DCM frequently used in PLGA microparticle synthesis in both emulsion 

and MFFD. First the toxicity of DMC and DCM is compared using previously reported values and 

summarized in Table 3.3.  The median lethal dose for ingestion in a rat for DMC is 8.1X higher 

that for DCM.52 This fact is important to consider for drug delivery applications, because if there 

were small amount of organic solvent remaining in the PLGA particles, serious health 

repercussions would occur. Additionally, for the personnel exposed to these solvents during 

manufacturing, handling DMC is significantly safer than DCM. The biodegradation rate for DMC 

is 28 days, which is 6.9X faster than that of DCM.125, 137 This indicates that when organic solvent 

is released to the environment, the DMC vapors could have a lower environmental persistence than 

that of DCM vapors, whether it is in the water, air, or soil.  

The GlaxoSmithKline (GSK) greenness metrics129 provides another useful quantification to 

compare the greenness of using both solvent.  The four categories used in the GSK green metric 

include waste (Wm), environment (Em), human health (HHm), and process safety (PSm) and their 

values were calculated using eq. (9)-(12) and summarized in Table 3.5.  In all four categories, the 

DMC values are greater than that of DCM (see last column), indicating to what degree DMC is 

greener than that of DCM.  The overall combined score was calculated using eq. (13), clearly 

indicating that DMC being 30% greater than DCM. Thus, DMC is intrinsically a much greener 

solvent and good candidate to replace DCM. 
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Table 3.3 Comparison of toxicity between DMC and DCM. 

 

We also calculated the E-factors,128 specifically simple E-factor (sEF) and complete E-factor(cEF), 

to compare the sustainability using DMC versus DCM in production of PLGA microparticles using 

MFFD.  In our synthesis of FLAP-PLGA particles, the values of each parameter required for sEF 

and cEF quantifications are summarized in Table 3.4. These values were utilized in E-Factor 

calculation described in the experimental section.   

 

Table 3.4 Values of masses of reactants used in our synthesis that are pertaining to quantification 

of sEF and cEF. 

 

 

Applying our actual experimental values in Table 3.4 for the PLGA particles to eq. (7) yielded sEF 

= 64.84 for DMC, almost 24% lower than that of DCM (85.43). The complete E-Factor cEF = 

6,654.81 for DMC based on calculations using eq. (8), is also 24% lower than that of DCM 
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(8,762.30). These comparisons as shown in Table 3.5 indicate that using DMC as solvent for 

MFFD synthesis of PLGA particles presents a more sustainable route. 

 

Table 3.5 E-factor calculation and comparison for production of PLGA particles using MFFD and 

DMC solvent versus that using DCM as organic solvent.  

   

3.4 Conclusions 

Current means for synthesizing PLGA microparticles, using either conventional emulsion or 

MFFD, frequently employ DCM as the solvent in organic phase.  Due to DCM’s health and 

environmental toxicity and slow degradation, a green solvent, DMC, is introduced to replace 

DCM.   Using production of FLAP encapsulated PLGA microparticles as an example, this work 

demonstrates that the use of green solvent does not hinder the synthesis procedure or quality of 

products. In fact, the use of DMC preserves the narrower size distribution leading to high 

reproducibility in particle size and drug load. In addition, the particles produced exhibited drug 

release profiles more desirable for local sustained release into joint for future applications of 

osteoarthritis treatment.  Further, cytotoxicity and biological activity tests demonstrated high 

biocompatibility and efficacy, respectively.  DMC was shown to be a much greener solvent than 

DCM with approximately one order of magnitude higher LD50 values in rat, 5-fold degradation 

rate. Additional measures include a 30% higher GlaxoSmithKline (GSK) combined greenness 

value. In the context of PLGA particle production process, the simple E-Factor (sEF) and complete 

E-Factor(cEF) of DMC are only a fraction of that of DCM, i.e., 76% and 76%, respectively, which 



43 
 

indicates greater sustainability. The approach reported in this work shall also provide a new and 

green means for production of polymer-based microparticles for local sustained delivery of FLAP 

for the treatment of osteoarthritis and cancers, and for drug delivery in general.   
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CHAPTER IV  

New Insight into Drug Release Profiles of Flavopiridol Loaded Poly(lactic-co-glycolic acid) 

Microparticles  

4.1 Introduction  

 

Poly(lactic-co-glycolic acid) (PLGA) microparticles are among the most well-known and 

frequently used drug delivery vehicles because of their low cost, high biocompatibility, and FDA 

approval.31, 35, 138-140 Key in vitro tests prior to animal and clinical applications require that the drug 

release profile meets clinical needs, e.g., fast and short-term release, or local sustained release over 

desired period. Therefore, many iterations have to take place to optimize the formulation, to reach 

the desired particle size and drug loading,  as well as the required release kinetics.140-142 To reduce 

these iterations and shorten the research and development (R&D) time, insights into the 

mechanism of drug release at molecular level are essential.143-144 The frequently practiced initial 

efforts to gain these insights include, measuring the drug release profile,  applying currently known 

kinetics model(s),  and non-linear least square fitting to attain the kinetics parameters, which 

allows glimpsing into molecular level mechanisms.33, 56-57, 126, 145   

In vitro release profiles are typically measured experimentally by 
Mt

M∞
 versus time (t), where Mt is 

the cumulative amount of drug released at time t, and M∞ is the cumulative amount of drug 

released at saturation release point (aka, at infinite time).146   The currently adopted kinetic model 

utilized to account for the measured drug release kinetics is shown in eq. (4.1) 

Mt

M∞

= θb(1 − exp(−kbt)) + θr (
exp(kr(t − tmax))

1 + exp(kr(t − tmax))
) + θd (1 −

6

π2
∑

1

n2
exp (−

π2n2Det

rp
2

)

∞

n=1

) (1) 
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The first term represents the process of “burst release”,62, 147 with 𝑘𝑏 as the burst constant and 𝜃𝑏 

as the contribution of burst release. Burst release typically occurs rapidly during the initial release.  

The 2nd term describes degradation release, where the whole analytical expression was derived 

from Prout-Thompkins model,148-149  with 𝜃𝑟 as the contribution of degradation release, 𝑘𝑟 as the 

degradation-relaxation rate constant, and 𝑡𝑚𝑎𝑥 as the time required to achieve 50% of cumulative 

drug release. The 3rd term represents diffusion of drug molecules from PLGA microparticles. The 

expression is an analytical solution to Fick’s second law of diffusion assuming  spherical PLGA 

particle geometry,56, 150-151 where 𝐷𝑒 is the effective diffusion coefficient, 𝑟𝑝 is the mean 

microparticle radius, and 𝜃𝑑 is the contribution of diffusion release.  

The present work includes production and characterization of four series of PLGA microparticles 

loaded with flavopiridol (FLAP).  FLAP is a known Cyclin-dependent kinase 9 (Cdk9) inhibitor 

being evaluated for the treatment of post traumatic osteoarthritis (PTOA)65, 152-153 and cancer.154-

155   Our prior investigations indicated that local sustained release of FLAP into the joint capsules 

provided a new and effective means for reducing PTOA severity.40, 153, 156 The attempts to apply 

current kinetics model, e.g., eq (4.1) to our measured FLAP release profiles clearly reveal model 

limitations.  Aided by using high-resolution imaging tools: scanning electron microscopy (SEM) 

to monitor structural evolution during release, and atomic force microscopy (AFM) imaging to 

reveal intra-particular structures, this work provided modifications to the current kinetics model.  

As such, new insights into drug release processes were revealed.  This approach can be easily 

adopted by researchers in the drug formulation and delivery fields, to facilitate R&D efforts and 

accelerate understanding of drug release. 
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4.2 Experimental Methods 

4.2.1 Materials  

Flavopiridol (FLAP) was purchased from Cayman Chemical Company (Ann Arbor, MI). PLGA 

(PURASORB PDLG 5004A 50:50 DL-lactide:glycolide) was purchased from Corbion 

(Amsterdam, Netherlands). Tween-20, dichloromethane (DCM), dimethyl carbonate (DMC), 

poly(vinyl alcohol) (PVA-99) (98-99% hydrolyzed, MW 30000 – 40000), poly(vinyl alcohol) 

(PVA-80) (80% hydrolyzed, MW 9000-10000), dimethyl sulfoxide (DMSO) (≥ 99.7%) were all 

purchased from Sigma Aldrich (St. Louis, MO). Phosphate-buffered saline (PBS) (1X) was 

purchased from Mediatech (Manassas, VA). Ultrapure water with a resistivity of 18.2 MΩ·cm was 

generated using a Millipore Milli-Q system (EMD Millipore, Billerica, MA). Two-component 

epoxy (S-31) was purchased from ITW performance polymers (Riviera Beach, FL). AFM 

cantilevers (AC 240) were purchased from Olympus America (Center Valley, PA). Liquid nitrogen 

was purchased from Airgas, Inc. (Radnor, PA). Gaseous nitrogen was purchased from Praxair, Inc. 

(Danbury, CT).  Glass scintillation vials (20 mL) and glass coverslips (22 x 22 𝑚𝑚2) were 

purchased from Fisher Scientific (Hampton, NH). Poly(tetrafluoroethylene) (PTFE) tubing was 

purchased from Cole-Parmer (Vernon Hills, IL, USA).  

4.2.2 Synthesis of FLAP-Loaded PLGA microparticles  

As described in our prior publication,156 monodisperse PLGA microparticles containing 

flavopiridol were synthesized via microfluidic flow-focusing. The microfluidic flow focusing 

device was designed (AutoCAD, 2018) and fabricated by 𝜇Fludix (Toronto, Canada) using a 

poly(dimethyl siloxane) (PDMS) soft lithography technique.90 The device was rendered 

hydrophilic by aqueous 1% (w/v)  PVA-99 treatment as described previously.157 FLAP loaded 

PLGA microparticles were generated using procedures described elsewhere.156, 158 The aqueous 
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phase in the synthesis was aqueous 1% (w/v) PVA-80 and the organic phase was FLAP/PLGA 

dissolved in either DCM or DMC. The organic and aqueous phases were pumped through the inlet 

PTFE tubing of microfluidic device via syringe pump (New Era Pump Systems Inc., Farmingdale 

NY, USA) at flow rates, 𝑄𝑜𝑟𝑔 and 𝑄𝑎𝑞, respectively. The organic droplets were formed at the flow 

focusing orifice where the two fluids met, as visualized in-situ, using an inverted microscope 

(Olympus Corp., Tokyo, Japan) equipped with a high-speed camera (Photron AX-100, Photron 

USA Inc., San Diego, CA). The organic droplets were carried by the aqueous phase into the outlet 

PTFE tubing immersed in a round bottom flask with 5 mL of 1% (w/v) PVA-80. Immediately 

following synthesis, the flask was mounted on a rotary evaporator (Buchi R300, Buchi Corp, New 

Castle, DE) and the organic solvent was removed (40 mbar, 40 °C, 5 min). The remaining 

FLAP/PLGA particles were collected via centrifugation at 2500 rpm (Champion F-33D, Ample 

Scientific, Norcross, GA) and subsequently washed with Milli-Q water. This was repeated 2X to 

remove unbound PVA-80. The washed particles were kept in 1-2 mL of Milli-Q water, and quickly 

frozen in liquid nitrogen, and lyophilized (Labconco Corp., Kansas City, MO, USA) to dryness 

overnight. For this investigation, four types of FLAP loaded PLGA microparticles, referred to as 

PLGA-1 through PLGA-4, were synthesized at conditions summarized in Table 4.1,  where 𝑄𝑜𝑟𝑔 

is the organic phase flow rate and 𝑄𝑎𝑞 is the aqueous phase flow rate.  

Table 4.1. Synthesis conditions and resulting products of four types of FLAP-Loaded PLGA 

Microparticles.   
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4.2.3 Drug loading and Encapsulation Efficiency of FLAP loaded PLGA microparticles.  

Following established procedures156, 158 the loading capacity (LC)  of PLGA-1 to PLGA-4 were 

determined and summarized (Table 5.1, column 8). Briefly, 1 mg of PLGA particles (mp) was 

dissolved in DMSO to a concentration of 1 mg/ml. The absorption spectrum was determined using 

UV-Vis spectroscopy (Denovix, Inc., Wilmington, DE) where the absorbance at 380 nm was 

measured and compared to known set of standards, ranging from 1-100 𝜇M.  Applying Beer’s law 

yielded the concentration of FLAP, which is converted to FLAP mass (𝑚𝐹𝐿𝐴𝑃). The LC was then 

quantified using eq. (2) and is seen in Table 5.1. 

LC = (
mFLAP

mp
) × 100% (2) 

The encapsulation efficiency(EE) was determined using eq. (3) by dividing LC with the initial 

loading of  FLAP in the syringe (𝐿Cinitial).  

EE =
LC

LCinitial
 x 100% (3) 

 

4.2.4 In vitro release profile of FLAP from the FLAP-loaded PLGA microparticles 

In vitro release experiments were performed to determine FLAP release from the four types of 

PLGA particles using previously described methods.156, 158 Briefly, 4 mg of FLAP loaded PLGA 

microparticles were dispersed in 0.5 mL of 1X PBS/0.2% Tween-20 aqueous solution at 37 °C. At 

designated time during release, the supernatant was collected via centrifugation at 4000 rpm for 5 

min and the absorbance spectrum of FLAP was measured using UV-Vis spectroscopy at 274 nm.  

Comparing against a known set of standards from 3 – 100 𝜇M with  extinction coefficient, 22,478 

𝑀−1𝑐𝑚−1, the concentration of FLAP was determined using Beer’s Law.  Following 

measurement, 0.5 mL of fresh release medium was added to disperse the particles until the next 
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time point. The cumulative release percentage of FLAP in the in vitro release profile was calculated 

using eq. (4) by adding the mass of FLAP released at the time point (∑ mt
tf
t=0 ) and dividing by the 

total mass of FLAP encapsulated (mFLAP).  

𝐶umulative Release (%) =
∑ mt
tf
(t=0)

mFLAP
 x 100% (4) 

  

4.2.5 Time-lapse Scanning Electron Microscopy Imaging 

Using previously reported methods,156 the particle size and morphology was determined using 

scanning electron microscopy (SEM) imaging (S-4100T, Hitachi High Technologies America, Inc., 

Pleasanton, CA). Time dependent measurements were performed on the particles that underwent 

release at certain time points, and this was accomplished using a twin sample during release, which 

was only used for structural investigation of the particles. Briefly, the microparticle suspension 

was centrifuged to a pellet  and the supernatant was removed, leaving a pellet of particles in a 

minimum volume. 5-10 𝜇L of the suspension was drop dried on a plasma cleaned (Harick Plasma 

Inc., Ithaca, NY) silicon wafer substrate in a laminar flow hood (Cleatech, Orange, CA). Following 

drying, the substrate was tilted at 10° above the surface, and 30 𝜇L of pure water was dropped 

from the top corner and allowed to flow over the particles to rinse  repeatedly, followed by drying 

in clean ambient environment. The dried substrate was fixed to an Al-stub using double-sided 

carbon tape, then transferred to a vacuum chamber to be coated with 10 nm of gold via sputtering 

coating (Ted Pella Inc., Redding, CA).  The metal-coated samples were transferred to the SEM for 

imaging. At the acceleration voltage and emission current of 2 kV at 10 𝜇A, respectively, the SEM 

images were acquired.  The resulting SEM images were processed using Image J (National 

Institutes of Health, Bethesda, MD), from which the mean diameter and dispersity of the particles 
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were determined (Table I, columns 6-7). The dispersity of the particles was quantified using the 

coefficient of variation (CV) via eq. (5) where the standard deviation (σ) is divided by the mean 

diameter (d̅) of at least 100 particles.  

CV = (
σ

d̅
) × 100% (5) 

 

4.2.6 Atomic Force Microscopy Imaging  

Atomic force microscopy (AFM) characterization was performed using an MFP-3D AFM (Oxford 

Instrument, Santa Barbara, CA). All images were acquired using a microfabricated cantilever (AC 

240, k = 0.6 N/m, Olympus America, Center Valley, PA). 1 mg of PLGA microparticles were 

embedded in 5-min epoxy on a precleaned glass slide.  The pre-cleaning was carried out using a 

plasma cleaner at 1 minute with high radiofrequency.  After air drying for 24 hours in the laminar 

flow hood, the particles were cut by de-capping using a #22 scalpel blade (Fisher Scientific, 

Hampton, NH).  All images were acquired in air using tapping mode over a 50 x 50 𝜇𝑚2 scan area. 

The driving frequency of the cantilever was set at its resonant frequency of 73.2 kHz. Free 

amplitude of the cantilever was set at 1000 mV with a set point of 35% damping. Acquisition of 

data was completed using the vendor’s software developed using an Igor Pro 6.12 platform. 

 

4.3 Results and Discussion 

4.3.1 Insights into FLAP-PLGA microparticle drug release profiles using current kinetics 

model 

The in vitro release profile of PLGA-1 is shown in Figure 1 (blue dots).  A non-linear least-squares 

fitting of the release profile in Figure 4.1 was generated using the existing kinetics model, eq. (1), 

and the result is shown as a solid black line. The fitting was performed using a nonlinear least 
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squares algorithm in MATLAB (Math Works, Natick, MA).  

 

Figure 4.1. Drug release profile of PLGA-1 (blue dots).  At each time point of measurement, the 

result was expressed as mean ± SD from n = 3 independent sets of microparticles.  Nonlinear least-

squares fitting of the release profile using eq. (1) was shown as a solid black line.  

 

From a mathematical perspective, the fit is excellent as demonstrated by the high coefficient of 

determination, 𝑅2=0.9982; and a low root mean squared error, RMSE = 1.507.  The coefficient of 

determination is frequently used as an evaluation of model performance, but not sufficient for 

model comparison when non-linear regression is involved.159 RMSE or the standard error of 

regression is a measure of the average distance observed values fall from the regression line and 

can be used to determine a confidence interval. These parameters, summarized in Table 4.2, 

column 4, allow for evaluation of fitting quality, and for the comparison between models, with a 

preference towards lower RMSE values.160-161 While the burst release contribution (θb), and 
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degradation-relaxation contribution (θr) were obtained from fitting, the diffusion contribution (𝜃𝑑) 

was calculated by θd = 1 - θb - θr to obey boundary conditions.  

Quantitatively, the contribution of burst release, θb = 12%, and the burst constant, kb= 0.85 

days−1 were obtained.  Based on the current kinetics model, 𝜃𝑏 and 𝑘𝑏 were kept constant 

throughout the 30 days (Figure 4.1).  These outcomes are not consistent with known burst release 

mechanisms, as burst release typically occurred in the initial period of drug release, e.g., the first 

five days or shorter, then significantly decreased or diminished.62, 147, 158  In the case of our PLGA-

1, the release profile appeared to have 3 regions of slopes, including a short sharp release during 

the first 4 days, which is likely due to burst release behavior.  This burst release clearly did not 

continue for 30-days.  

Table 4.2. Kinetics parameters extracted from the non-linear least-square fitting of the drug release 

profile of PLGA-1 shown in Figure 1, using eq. (1).   

  

Other kinetics parameters include the contribution of degradation release, θr = 79% with rate 

constant, 𝑘𝑟 = 0.23 days−1. Based on the current kinetics model, both θr and kr remained constant 
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throughout the entire 30-day release process. These outcomes are not consistent with known 

degradation release behavior of PLGA microparticles. It has been reported that degradation release 

from PLGA microparticles was not a constant event, typically slow in the beginning and 

accelerated when degradation was approaching the core of the particles.162-164 Collectively, 

although the release model mathematically fits the release profiles of PLGA particles, the physical 

insight extracted from this practice would need improvement to better reconcile with the known 

release mechanism. Therefore, modification to the kinetics model would be necessary to better 

reconcile the actual release mechanism in general and the release of PLGA-1 in specific. A new 

method needs to be developed to address this limitation.  

 

4.3.2 Modified kinetics model to account for PLGA microparticle drug release profile and 

mechanism 

A direct means to address the limitations (see section above) of the current kinetics model is to use 

a piecewise function to account for the initial short burst release, and the late-stage degradation 

release. Piecewise functions have been used before in the fitting of drug release profiles from PLA 

filaments. In that case165, the time region was decided, based on the measured drug release profile, 

without a separate, independent verification.  In order to better account for our release profiles, for 

spherical and near spherical particles, a new piecewise set of equations needs to be derived. As 

shown in eq. (6), a new kinetics model, as a simple modification of eq. (1), is generated to clearly 

reveal the two different time regions in flavopiridol release. The first time region (t ≤ t1 days) 

only incorporates the 1st and the 3rd term of eq. (1), since burst release is known to occur during 

the initial period of release, while diffusion occurs throughout the duration of release.56, 62, 145, 148 

Beyond t1, t ≥ t1 days,  only the 2nd and 3rd term of eq. (1) were used, to quantify the degradation 
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and diffusion processes.  

Mt

M∞

=

{
  
 

  
 θb(1- exp(-kbt))+θd (1-

6

π2
∑

1

n2
exp(-

π2n2Det

rp
2

)

∞

n=1

)                          t ≤ t1

θd (1-
6

π2
∑

1

n2
exp(-

π2n2Det

rp
2

)

∞

n=1

)+θr (
exp(kr(t-tmax))

1+ exp(kr(t-tmax))
)               t ≥ t1

                                      (6) 

These models fit the experimental data well, but the fitting occurs over the entirety of release. By 

utilizing the new kinetics model, the piecewise function allows release terms like burst release to 

be limited to the beginning of release.  

In order to determine the time regions defined in eq. (6), high-resolution SEM imaging was 

performed by visualizing the particles at designed time during release. Some of the snapshots at 

important junctures of release processes are shown in Figure 4.2.  At t = 0 days, SEM reveals a 

smooth and spherical morphology for all microparticles. Only small number of dimples per particle 

(1) were present at the outermost surface, whose diameter range from 0.3 – 1.1 μm.  At t = 3 days, 

dimples appeared in larger numbers (3) per particle and diameters ranging from 0.3 – 3.4 μm. This 

trend is consistent with the mechanism of burst release.158 At t = 7 days, the dimples increased in 

size ranging from 1.0 – 5.6 μm indicating the beginning of erosion involving PLGA 

degradation.166-167 By t = 21 days,  the craters evolved into merged heterogenous openings with 

obvious erosion along the peripheral of the particles. By t = 30 days, fragmentation occurred 

resulting in observed polydisperse fragments. These time-dependent SEM studies enabled 

determination of the time when erosion occurred and monitoring of the morphological changes 

due to degradation. In the case of PLGA-1, t1 = 8 days, from careful SEM investigation.  The 

structural evolution revealed by our SEM investigations are also consistent with PLGA chemistry.  

The labile esters bonds of the PLGA polymer are cleaved via hydrolysis from the aqueous medium, 

effectively forming oligomers of varying molecular weight within the particle.58, 138, 144 The 
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creation of oligomers promotes water penetration and relaxation which ultimately leads a more 

porous network for faster drug release.167      

 

Figure 4.2. SEM image of PLGA-1 microparticles, taken at designated time (atop of the images) 

during in vitro release measurements. Scale bar = 20 μm. 

 

A non-linear least square fitting of the measured release profile of the PLGA-1 particles using eq. 

(6) was performed (Figure 4.3). Mathematically, the fitting works well, with R2 = 0.9644 and 

RMSE = 1.456, for t = 0-8 days. Beyond 8 days, the fitting works even better, with R2 = 0.9904 

with a low RMSE = 1.940. Both of these fitting statistics are summarized at the bottom of Table 

4.3, columns 4-5.  
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Figure 4.3. Drug release profile of PLGA-1 (blue dots).  In each time point of measurement,  the 

result is expressed as mean ± SD from n = 3 independent batches of PLGA microparticles.  

Nonlinear least-square fitting of the release profile using eq. (6) is shown as the solid black line 

for 0-8 days and dashed black line for 8-30 days.  
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Table 4.3. Kinetics parameters extracted from non-linear least-square fitting of the drug release 

profiles of all four types of PLGA particles listed in Table 4.1, using eq. (6) for PLGA-1 and PLGA-

2, and eq. (7) for PLGA-3 and PLGA-4, respectively.   

 

 

Based on the result of the fitting and applying the boundary conditions of θb + θd = 1, during t = 

0-8 days, the burst release was, θb = 14%, with burst constant, kb = 0.62 days−1, and burst release 

diminished beyond 8-days. This description is more consistent with the known burst release 

behavior of drug-loaded PLGA microparticles.62 The contribution of diffusion release was, θd = 

86% with effective diffusion coefficient, De = 2.62 x 10−16 cm2/s. These results suggest diffusion 

release is quite slow, which is consistent with the slower diffusion through a dense polymer 

network.167  These kinetics parameters are summarized in Table 4.3, column 4.   

Beyond 8 days, the contribution of diffusion release was, θd = 32%, while the effective diffusion 

coefficient was, De = 1.10 x 10−13 cm2/s. In comparison to t = 0-8 days, the diffusion coefficient 

increased, while the contribution of diffusion decreased. These trends are consistent with the 

creation of a more porous PLGA polymer network, allowing greater water penetration for drug 

dissolution and release..56, 166, 168  Applying the boundary conditions of θd + θr = 1, we attained 

the contribution by degradation.  The contribution of degradation release was, θr = 68% and with 
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degradation constant, kr = 0.28 days−1. These results suggest degradation release is dominant 

during this second region, because erosion of the particles exposes hidden pockets of drugs which 

are now easily assessable for release.162, 164, 167  These kinetics parameters are summarized in Table 

4.3, column 5.     

4.3.3 New insight into drug release profiles of FLAP-PLGA microparticles via modified 

kinetics models  

To demonstrate the robustness of the new approach described in eq. (6), particles twice the size 

(PLGA-2) were shown in table 4.1, row 2. Similarly, to the analysis described previously, time 

dependent SEM imaging was used to monitor particle morphology and geometry of PLGA-2 

during release as shown in Figure 4.4.  

 

Figure 4.4. SEM imaging of the PLGA-2 particles, taken at designated time points (see on top of 

the images) during in vitro release measurements. Scale bar = 20 𝜇m, for all images.  

 

It can be seen at t = 0 days, that the particle morphology was smooth with spherical geometry and 

less than 1 dimple per particle. At t = 3 days, SEM revealed the sporadic appearance of dimples 

with ~ 8 dimples per particle, ranging in size from 0.6 – 4.9 μm. This sporadic appearance of 

dimples was similarly seen in PLGA-1 which indicated the aftermath of burst release. By t = 7 

days,  the dimples evolved into craters with non-spherical openings and in addition,  large gashes 

with sizes, 5.3 – 19.9 μm, on the particle surface were visualized. The evolved particle surface 

features were similarly seen in PLGA-1 which indicated the start of degradation mechanism. By 
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21 days, all particles had cracked into 2-4 pieces, revealing a solid core, with exposed cavities near 

the peripheral. At t = 30 days, the particles were visualized as polydisperse fragments, similarly 

seen in PLGA-1. Because of the similarities in the particle structural evolution with PLGA-1. the 

time region for burst release was identified to be 0 – 6 days and the second region was 6 – 32 days. 

The time regions identified from Figure 4.4, were utilized in eq. (6), and applied on the measured 

release kinetics of the PLGA-2 particles through non-linear fitting as seen in Figure 4.5. The burst 

release region fitting, 0-6 days, was visualized as a solid black line. The model fits mathematically 

well to the release profile with R2 = 0.8826 and RMSE = 1.824. The second region was plotted as 

a dashed black line and also fits even better to the release profile with R2 = 0.9987 and RMSE = 

2.265. Both of these fitting statistics are seen at the bottom of Table 4.3, columns 6-7.  

 

 

Figure 4.5. Drug release profile of PLGA-2 (blue dots). In each time point of measurement, the 

result is expressed as mean ± SD from n = 3 independent batches of PLGA microparticles.  

Nonlinear least-square fitting of the release profile using eq. (6) is shown as the solid black line 

for 0-6 days and dashed black line for 6-30 days. 
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During t = 0-6 days, quantitatively, burst release was θb = 14% with burst constant kb= 0.06 

days−1. The burst release contribution was similar to the PLGA-1 particles, however the burst 

constant decreases 11-fold which was consistent with what has been reported elsewhere61. The 

contribution of diffusion release with θd = 86% and effective diffusion coefficient De = 6.20 

x 10−16 cm2/s was similar to those in PLGA-1, but the diffusion coefficient was 2.4-fold greater. 

An increase in particle size has been reported to be directly proportional to the magnitude of De, 

where larger particles have larger diffusion coefficients.56 These kinetics parameters were 

summarized in Table 4.3, column 6. 

Beyond 6 days the contribution of diffusion release was θd = 24% with the effective diffusion 

coefficient  De =  2.69 x 10−13 cm2/s. The diffusion coefficient De increased over 400-fold past 6 

days which was similarly observed and described with PLGA-1. The contribution of degradation 

release was θr = 76% and with degradation constant kr = 0.39 days−1. The degradation constant 

kr was larger for PLGA-2, which was similarly reported for increasing particle size.61 The greater 

θr for PLGA-2 is verified with earlier particle cracking observed in Figure 4.4, which resulted in 

sharper release. These kinetic parameters were summarized in Table 4.3, column 7. Utilizing this 

new model on larger particles demonstrated robustness when comparing against PLGA-1.  

The generic applicability of the new approach was tested by utilizing particles fabricated with 

vastly different synthesis conditions, namely the use of DMC as the organic solvent. These 

particles, PLGA-3 and PLGA-4 are seen in Table 4.1, columns 3-4. The use of the organic solvent 

during synthesis has been shown to affect the morphology of the particles during in vitro release50, 

156, therefore particle morphology and geometry was assessed during release to guide in the model 

development.  
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Time dependent SEM imaging as seen in Figure 4.6 was used to monitor particle morphology from 

PLGA-3 (top row) and PLGA-4 (bottom row) particles.  

 

Figure 4.6. SEM imaging of PLGA-3 and PLGA-4particles  taken at designated time points (see 

atop of images) during in vitro release measurements. Scale bar = 20 𝜇m, for all images.  

 

For PLGA-4 particles, it can be seen at t=0 days, there was a smooth and spherical morphology. 

At t=3 days, all of the particle’s present small grooves and about 1 dimple per particle located on 

the exterior. In comparison to PLGA-2 particles, the presence of surface features like dimples was 

similar, which indicates the aftermath of burst release. At t=7 days, the particle surface roughness 

increased, which was consistent with degradation169 and 1 out of 7 particles presented some 

deflation. The increase in surface roughness was similarly observed in PLGA-2, however the 

deflation of the particle was unique. At t = 21 days, all of the particle’s geometry evolved into a 

“pancake” geometry with erosion along the peripheral. In comparison to structural evolution of 

PLGA-2, this “pancake” geometry was not observed in PLGA-2, however this geometrical change 

has been observed previously when DMC is used as the organic solvent156, 170. By t = 30 days, the 

particles have flattened in a higher degree with a film-like geometry, and some were degraded into 

polydisperse fragments. This polydisperse fragmentation was similarly observed in PLGA-4.  
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The flattening of PLGA microparticles has been previously reported when DMC was used the 

organic solvent during synthesis156, 170, however a possible explanation has not yet been explored. 

AFM imaging was performed on cross-sectioned PLGA particles described in table 1, to reveal 

the internal structure of the particles. It was seen in Figure 4.7, that the PLGA-2 particles in 4.7A 

revealed a solid internal structure, which was consistent with those produced in DCM.162 The 

PLGA-4 particles seen in 4.7B revealed a porous internal structure consisting of 6 large cavities 

ranging in diameter from 2.3 – 4.2 μm with many smaller cavities sporadically throughout the 

particle. 

 

Figure 4.7. Topographic AFM imaging of the cross-sectioned PLGA-2 (A) and PLGA-4 (B) 

microparticles. For all images, scale bar = 10 μm.  

 

It has been reported that PLGA particles fabricated out of DMC, reveals a hollow internal structure, 

which is similar to the cavities observed.43 The center of a PLGA particle has been shown to 

degrade faster than the rest of the matrix, which could create a larger and coalesced cavity  for the 

PLGA-4 particles during release. This coalesced cavity, could cause structural instability in the 

particle, and the external release forces, i.e., particle collisions during release, leading to particle 

collapse, which would form the pancake like structure observed.  

Using this insight into PLGA-4 morphology and geometry from time dependent SEM imaging , 
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the burst release region was identified to occur in the first 6 days, while past 6 days,  entered a 

degradation region. During the burst release region, Fickian diffusion occurs through a spherical 

particle geometry, similarly to PLGA-2, however in the degradation region a “pancake” like 

geometry was revealed, indicating diffusion occurs through a thinner geometry. Utilizing the 

regions identified by Figure 4.6, a piecewise model was generated as eq. (7). The first region in 

the model is identical to eq. (6), however in the second stage of release the Fickian diffusion term 

for a sphere is replaced for a film146, to better represent the observed geometry during release.  
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              (7) 

 

The model was applied on the PLGA-4 particles through non-linear fitting of its measured release 

kinetics using eq. (7), and the resulting plot was visualized in Figure 4.8B. The burst region was 

plotted up to 6 days, seen as a solid black line, and was fit mathematically good with 𝑅2 = 0.8697 

and RMSE = 2.899. The second region was seen a dashed black line and fits even better with R2 

= 0.9945 and RMSE = 2.145. The extracted fitting parameters were summarized in Table 4.3, 

columns 10-11.  

During t = 0-6 days, the contribution of burst release was, θb = 49% with kb = 0.05 days−1. The 

diffusion contribution was, θd = 50% with De = 2.56 x 10−15 cm2/s. In comparison to PLGA-2, 

θb was 3.6-fold higher and De was 4.1-fold higher, which was consistent with release from a more 

porous particle as shown in Figure 4.7 and reported elsewhere.166-167, 171 These kinetic parameters 

are seen in Table 4.3, column 10. Past 6 days, diffusion contribution, θd = 9% decreased while the 

De = 8.85 x 10−12 cm2/s increased. This trend was similarly seen in PLGA-2, however, θd was 3-
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fold lower and De was 33-fold higher. The dramatic decrease in diffusion contribution was linked 

to the increase in the diffusion coefficient, where the magnitude was similarly reported in release 

from polymer films.146 The contribution of degradation release was, θr = 91% with a degradation 

constant, kr = 0.14 days−1. The degradation contribution was 1.2-fold smaller for PLGA-2, while 

the degradation constant 2.7-fold larger. The increase in θr indicates that degradation release might 

be more sustained past 6 days for particles that flatten.  The decrease in 𝑘𝑟 was verified by greater 

release rate stimulated by particle fragmentation.  

Application of this new approach was demonstrated even further with the use of the smaller PLGA-

3, seen in Table 4.1, row 3.  As shown in figure 6, top row, at t = 0 days, all of the particles presented 

a smooth and spherical geometry. At t = 3 days, 7 out of 15 particles present geometrical distortion 

in the form of deflation, while all particles presented grooves on the exterior, similarly seen in 

PLGA-4.  At t = 7 days, the particle surface increased in roughness, which was indicative of the 

onset of degradation, seen in PLGA-4. At t = 21 days, the geometry of the particles evolved into a 

“pancake” like structure, with minor erosion along the peripheral. The thickness of these 

“pancakes” was approximated in the SEM images, where 𝑙 ~ 4 μm, which is slightly larger than 

those in PLGA-4. By t = 30 days, the particles evolved further in the flattening process to film-

like geometries, where erosion was clearly visualized. The identification of the time regions in 

PLGA-3 is the same as those reported in PLGA-4. 

The model described for PLGA-3 particles was applied on the measured release kinetics through 

non-linear least squares fitting using eq. (7) as shown in Figure 4.8A. The burst region was plotted 

up to 6 days, seen as a solid black line, and was fit mathematically well with R2 = 0.9690 and 

RMSE = 0.9822. The second region is seen a dashed black line, and also fits well with R2 = 0.9988 

and RMSE = 1.156.  
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Figure 4.8. Drug release profile of PLGA-3 (blue dots, A) and PLGA-4 (blue dots, B). In each 

time point of measurement, the result was expressed as mean ± SD from n = 3 independent batches 

of PLGA microparticles.  Nonlinear least-square fitting of the release profile  using eq (7) was 

shown as the solid black line for 0-6 days and dashed black line for 6-31 days. 
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During t = 0-6 days, contribution of burst was,  θb = 19% with burst constant, kb = 0.12 days−1. 

When comparing to PLGA-4, it is shown that the burst constant is 2.3 fold larger, which was 

consistent with slower burst release reported in larger particles.31, 158 The diffusion contribution 

was, θd = 80.64% with effective diffusion coefficient, De = 7.46 x 10−16 cm2/s. The diffusion 

contribution was similar to PLGA-4; however, it was revealed that De is 3.4 fold slower. Past 6 

days, diffusion contribution drastically dropped to 8% with diffusion coefficient, De = 

1.40 x 10−12 cm2/s. This was similarly seen in PLGA-4, however the diffusion coefficient 

decreased, which is consistent when particle size decreases.56 The contribution of degradation was, 

θr = 92% with kr = 0.17 days−1. These results are similar to those reported in PLGA-4.  

When comparing against particles that fragment, i.e., PLGA-1 and PLGA-2, there are insights that 

are revealed. For instance, the degradation rate constant was overall larger for particle 

fragmentation, which was correlated with the sudden release around 21 days, seen in Figures 4.1 

and 4.5. This revealed insight that particle fragmentation led to faster degradation release. 

However, the contribution of degradation release was larger for flattened particles, revealing new 

insight that degradation release during a geometrical shape change played a larger role in release 

mechanism than when fragmentation occurs. In terms of the diffusion coefficient, particles that 

flatten have a faster diffusion rate than particles that fragment revealing new insight that 

geometrical change to a “pancake” result in faster diffusion of drug. Application of this approach 

in the new kinetics model demonstrated genericness and revealed new insight in drug release that 

current model could not unveil.  

4.4 Conclusions 

We developed a new approach to quantify the release kinetics of flavopiridol loaded PLGA 

microparticles. In contrast to the multiple term single equation model used in the past, we used a 
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piecewise model with the time region determined independently using time-dependent SEM 

imaging. When applying the conventional model to quantify release profile of  flavopiridol loaded 

PLGA microparticles, we ran into the limitations that the contribution of burst release, 𝜃𝑏,  and 

burst constant, 𝑘𝑏, remained constant throughout the long term 30-day release period. This new 

approach has addressed this limitation. High resolution SEM and AFM enabled accurate 

monitoring of geometry changes during release as such, the correct diffusion term can be utilized 

where an accurate equation involving spherical or film diffusion can be selected. Accurate 

morphology and geometry evolution enable the selection of the correct piecewise equation. 

Degradation of the particles underwent different geometrical resolution, because of a 

intraparticulate porous structure as revealed by AFM. The parameters derived from our piecewise 

equation approach can be used to guide particle synthesis in order to meet the local sustained 

release requirement, in vivo. The approach reported in our work, can be utilized with other 

encapsulated drugs or even in other polymeric systems, where researchers can use the extracted 

parameters to tune formulations and release kinetics.    
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CHAPTER V  

Production of Flavopiridol Loaded Inhalable Ultra-small Particles for Pulmonary Delivery 

5.1 Introduction 

Flavopiridol is a well-known small molecule cyclin dependent kinase inhibitor (CDK) originally 

designated by the Food and Drug Administration (FDA) as an orphan drug for treatment of rare 

leukemia.63. The activity of flavopiridol has been known to prevent activation of primary response 

genes, thus inhibiting down-stream inflammation of cells and tissues. 40, 64-68 Therefore, 

Flavopiridol has been used to treat inflammation caused by illnesses ranging from cancer63, 69-70, 

viral71-73 and post-traumatic-osteoarthritis (PTOA)40, 65-66, Given its high efficacy, Flavopiridol has 

been identified as a very promising candidate to treat illness such as lung cancer74 or coronavirus 

disease 2019 (COVID-19) pertaining to lung inflammation.75-76 In past attempts to treat lung 

injury, the delivery means included intraperitoneal (i.p.) injection into the lower quadrant of the 

abdomen or via gavage, which involved forcible oral delivery.77 To improve efficacy and patient-

friendliness, pulmonary delivery of inhalable particles using a device such as a dry powder inhaler 

(DPI) is becoming an urgent need, as inhalation delivery has intrinsic advantage of being non-

invasive and rapid. 78-80 While inhalable delivery of drugs has been reported81-83, none of the 

current vehicles have been used to carry flavopiridol. Therefore, new research and development 

(R&D) efforts must be invested from determining the formulation, to reaching the desired physio-

chemical property, inhalability, release profile and efficacy. This work reports our effort in the 

production and characterization of flavopiridol-loaded inhalable ultra-small particles for 

pulmonary delivery. The particles produced meets the physio-chemical property, inhalability, and 

release profiles. In vitro activity also meets the requirements. To the best of our knowledge this 
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work represents the first vehicles to carry flavopiridol for pulmonary delivery purposes. This 

investigation reveals important insights of particle formulation-structure and morphology-property 

correlation. The application potentials include treatment of lung inflammation from diseases like 

lung cancer, pulmonary fibrosis, and COVID-19.  

5.2 Experimental Methods  

5.2.1 Materials 

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) was purchased from Avanti Polar Lipids 

(Birmingham, AL). Flavopiridol was purchased from Cayman Chemical Company (Ann Arbor, 

MI). L-leucine, L-isoleucine, D-(+)-Glucose, Calcium chloride (CaCl2), Tween-20, and Ethanol 

100% was purchased from Sigma Aldrich (St. Louis, MO). Phosphate-buffered saline (PBS) (1X) 

was purchased from Mediatech (Manassas, VA). Gaseous nitrogen was purchased from Praxair 

(Danbury, CT).  10- and 20-mL glass scintillation vials was purchased from UC Davis (Davis, 

CA). Poly(tetrafluoroethylene) (PTFE) tubing was purchased from Cole-Parmer (Vernon Hills, 

IL). 96 well plates, 10- and 20-mL glass scintillation vials, and 1.00 mm ID glass capillary tubes  

were purchased from Fisher Scientific (Hampton, NH). Variable area flowmeter was purchased 

from Dwyer Instruments Inc (Michigan City, IN) Dulbecco’s modified Eagle’s Medium (DMEM), 

Fetal Bovine Serum (FBS), and 2X Lysis reagent were purchased from Invitrogen (Waltham, MA). 

Human embryonic kidney 293 cells (HEK-293) were purchased from ATCC (Manassas, VA). 

Nuclear factor kappa B (NF-𝜅B) reporter (cat # H-60650) and One-Step Luciferase Assay System 

were purchased from BPS Bioscience (San Diego, CA). Tumor necrosis factor alpha (TNF-𝛼) was 

purchased from Peprotech (Cranbury, NJ). Ultrapure water with a resistivity of 18.2 MΩ·cm was 

generated using a Millipore Milli-Q system (EMD Millipore, Billerica, MA).  
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5.2.2 Production of Flavopiridol Loaded L-isoleucine/DPPC Microparticles 

The Microfluidic Piezo and Cyclone Apparatus (MPCA) was designed and fabricated by us and is 

visualized schematically in Figure 5.1. Some components of the apparatus were similar to 

previously reported spray drying technique, however the use of a piezoelectric  nebulizer disk with 

orifice array and cyclone design is unique. Feed solutions of L-isoleucine/DPPC (ILD) were 

prepared using similar methods previously reported.172 Briefly, 27 mg of L-isoleucine  was added 

to a 10 mL glass scintillation containing 3 mL of Milli-Q water. 3 mg of DPPC was added to a 10 

mL glass scintillation vial containing 7 mL of ethanol. Both vials were closed tightly and 

sonicated(Cole-Parmer, Vernon Hills, IL) for 15 minutes until complete dissolution. Following 

sonication, the entire contents of the DPPC vial was added to the L-isoleucine vial, and sonicated 

for 15 minutes, making a 0.3 % (w/v) ILD feed solution. The ILD feed solution was pulled into a 

10 mL syringe (BD, Franklin Lakes, NJ) and equipped on a syringe pump (New Era Pump Systems 

Inc., Farmingdale, NY). For synthesis operation, as visualized in the schematic in figure 1B, the 

ILD feed solution was pumped into PTFE tubing via syringe pump at 22 mL/hr. The end of the 

PTFE tubing contained a 30 AWG blunt needle hovering 1 cm directly over the  piezo actuated 

orifice array. The piezo actuated orifice array  is a commercial humidifier (STEINER & 

MARTINS, INC., Davenport, FL), composed  of a stainless-steel disk with an array of 4- 11 

μm holes, ceramic piezo rings are fixed on the top and bottom of the array.  The ILD solution was 

dropped onto the microfluidic piezo array which was actuated via custom piezo driver at 113 kHz 

with 30V of power. The gravitational force caused the large droplet on top of the device to be 

pulled into the array, causing the formation of a spray of micronized droplets. At the top of the 

acrylic box, which houses the entire apparatus, a nitrogen inlet fed into the enclosure at 15 L/min.. 

The nitrogen gas carried and began to dry the micronized droplets for 55 cm until it reached the 
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custom PTFE funnel where the vacuum pull led to the cyclone chamber. The cyclone separator 

with funnel was designed in Solidworks® CAD software with a cylinder-on-cone design with a 

tangential inlet and manufactured in PTFE at Crocker machine shop (UC Davis, CA). In the 

cyclone chamber, the particles strike the side walls causing a decrease in momentum effectively 

landing in the screwed on  20 mL glass scintillation collection vial, while the gas and evaporated 

solvent traveled to the vacuum outlet and were removed  

  

  

Figure 5.1 Schematic representation of the Microfluidic Piezo and Cyclone Apparatus for 

inhalable particle production.  

Via an RV5  vacuum pump (Edwards Vacuum LLC, San Jose, CA). The synthesis was performed 

at ambient room temperature, 24 °C. The detailed and optimal synthesis parameters are seen in 
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Table 5.1.  

Table 5.1. Optimal MPCA operation parameters for particle synthesis   

 

To demonstrate robustness, 0.1 and 0.5 % (w/v) total excipient concentrations are also prepared 

and used using identical conditions seen in Table 5.1. Flavopiridol incorporation into the 

formulation (ILDF) was prepared by adding 28.8 𝜇L of a 1 mg/mL Flavopiridol in ethanol solution, 

into the DPPC vial described above.   

5.2.3 Measurements of Loading Capacity and Efficiency of Flavopiridol in L-

isoleucine/DPPC Microparticles 

Flavopiridol loading in the ILDF formulation microparticles was determined using similar 

methods reported67 by dispersing ~ 4.8  mg of particles (𝑚𝑝) in 1 mL of 70% (v/v) Ethanol in 

water. The dispersion was sonicated for 15 minutes, until complete dissolution of the particles was 

complete. The dissolved solution was loaded in a 1 mL syringe and filtered into a quartz cuvette 

using a 0.2 𝜇m PTFE syringe filter (Sigma Aldrich, St. Louis, MO). The filtered solution was 

subject to UV-Vis spectroscopy using a Denovix DS-11 spectrometer (Denovix Inc., Wilmington, 

DE), and the absorbance (A) at 358 nm, characteristic of Flavopiridol was measured. The molar 
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extinction coefficient (𝜖) of flavopiridol at 358 nm was determined using a standard concentration 

range from 3 – 100 𝜇M, and the concentration of flavopiridol (c) was calculated using Beer’s law. 

The encapsulated mass of flavopiridol (𝑚𝑓) in the ILDF particles was determined by multiplying 

c with the volume (1.00 mL) and the molar mass of flavopiridol. The loading capacity (LC) of 

flavopiridol was quantified using eq. (1),  

LC =  (
mf

mp
)  x 100% (1) 

The encapsulation efficiency (EE) of flavopiridol was quantified using eq. (2) by dividing the LC 

with the desired loading capacity of flavopiridol in the formulation (LCdesired = 0.192 % (w/w)).  

EE =
LC

LCdesired
 x 100% (2) 

 

5.2.4 Scanning Electron Microscopy Imaging of Produced Particles 

The microparticle geometry and size were determined using a field emission scanning electron 

microscope (SEM) (S-4100T, Hitachi High Technologies America, Inc., Pleasanton, CA). 

Produced particles stuck to double sided carbon tape mounted on an Al stub were coated with 10 

nm of gold using a sputter coater (Ted Pella Inc., Redding, CA) and then transported to the SEM 

vacuum chamber. The typical acceleration voltage and emission current were 2 kV and 10 𝜇A, 

respectively. The SEM images were loaded into Image J, where the size of the microparticles was 

determined using the geometrical Feret diameter (𝑑𝑔).  

The aerodynamic diameter (𝑑𝑎) was calculated using eq. (3), where  The tapped density was 

measured using established protocols80, where the measured tapped density (𝜎) which was 

determined over 1000 taps, and the reference density (𝜌) is 1 mg/mL.  
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𝑑𝑎 = 𝑑𝑔√
𝜎

𝜌
 (3) 

5.2.5 In vitro release of Flavopiridol from L-isoleucine/DPPC Microparticles 

In vitro release experiments were performed to characterize release of flavopiridol from the ILDF 

particles by utilizing demonstrated release protocols67, 173. Briefly, 5 mg of ILDF particles were 

placed in 6 x 1.5 mL Eppendorf tubes containing 0.5 mL of 1X PBS/0.2% Tween-20 aqueous 

solution at 37 °𝐶.  To establish sink conditions as described previously126, tween-20 was added to 

ensure dissolution of flavopiridol in the release medium. At each selected time point, one vial was 

removed and centrifuged at 16,000 rpm for 10 min, and the supernatant was collected and filtered 

using a 0.2 𝜇m PTFE syringe filter. The supernatant was analyzed at 358 nm using UV-Vis 

spectroscopy for determination of flavopiridol concentration. After all vials were analyzed for 

release of flavopiridol, the cumulative percentage of flavopiridol was calculated using eq. (4), by 

taking the summation of flavopiridol released up to a designated time, t, and then normalizing by 

the amount of flavopiridol loaded (mf).  

Cumulative Release (%) =
1

mf
∑mt

t=t′

t=0

 (4) 

5.2.6 Quantification of In-vitro release kinetics  

The in vitro release profile described above was quantified using a 2-term model similarly to 

previously described methods.61, 148 that incorporates initial burst and Fickian diffusion release as 

shown in eq. (5).  

Mt

M∞
= θb(1 − e

−kbt) + θd (1 −
6

π2
∑exp(−

π2n2Det

rg2
)

∞

n=1

) (5) 

The first term represented the process of “burst release”, with 𝑘𝑏 as the burst constant and 𝜃𝑏 as 
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the contribution of burst release. This burst process was mostly described as interfacial diffusion, 

where drug that was located near or at the surface of the particle underwent rapid dissolution.60 

The 2nd term describes diffusion of drugs from  spherical matrices under Fickian diffusion, where 

𝐷𝑒 was the effective diffusion coefficient, 𝑟𝑔 was the geometrical mean particle radius, and 𝜃𝑑 was 

the contribution of diffusion release. 151, 174-175. The constraint, θb + θd = 1, was used for 

mathematical completeness, representing individual contributions in the release mechanism. The 

in vitro release profile underwent regression analysis using nonlinear least squares algorithm in 

MATLAB (Math Works, USA).  

5.2.7 Stability measurements of ILDF particles 

The stability of the ILDF particles was determined in some of the previously reported 

conditions176-177. 1-2 mg of freshly prepared particles described above was placed in 24 x 1.5 mL 

Eppendorf tubes equally over four different environments. The four environments were 24 °C in 

the light and dark, 4 °C in the refrigerator, and 37 °C in an incubator. At certain time points, 0.5 

mL of 70% ethanol was dispensed in the vial, and the contents were sonicated for 15 minutes until 

complete dissolution was reached. The solution was filtered into a quartz cuvette via 0.2 𝜇m PTFE 

syringe filter and the UV-Vis spectrum was measured from 220 – 750 nm for each of the samples. 

The measured spectrums were compared qualitatively against freshly produced ILDF formulation 

to determine stability of the formulation.  

5.2.8 ATR-FTIR 

Attenuated Total Reflectance – Fourier Transform Infrared Spectroscopy (ATR-FTIR) was used 

to characterize the ILDF formulation for identification of excipients in the produced particles using 

established methods.172 Briefly, < 1 mg of solid L-isoleucine, DPPC, and flavopiridol starting 

materials and produced ILDF formulation particles were placed and compressed on the ATR 
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diamond crystal. The FTIR spectrum was scanned 30 times with 4 cm−1 resolution over the 

wavenumber range of 4000 – 400 cm−1 using a Bruker Tensor 27 FTIR (Bruker Corporation, 

Billerica, MA).  

5.2.9 In-Vitro Bioactivity Assay 

The bioactivity of flavopiridol released from ILDF particles was determined by a luciferase 

reporter assay as described previously.67, 127 18.94 mg of  ILDF particles containing 0.190 % (w/w) 

flavopiridol was dissolved in DMEM with 10% FBS to a stock solution of 8.9 x 104 nM 

flavopiridol. The bioactivity of flavopiridol was measured by its ability to suppress TNF-

stimulated luciferase reporter expression, driven by a NF-kB responsive promoter. The HEK293 

cells harboring a NF-kB-driven luciferase reporter were seeded in 96-well plates (10,000 cells/well 

in triplicates) 24 hours before the experiment. Cells were then treated with 100 𝜇L of media 

containing 0.6 nM recombinant human TNF-𝛼, in the presence or absence of various amount of 

dissolved flavopiridol formulation or blank formulation equivalent. After 24h, 100 𝜇L of 2X lysis 

buffer containing luciferase substrate was added directly to each well. Luminescence was 

measured in a plate reader (SpectraMax iD3, Molecular Devices, San Jose, CA). The luminescence 

reading from samples treated with TNF-𝛼 only was arbitrarily set to 100% and then compared to 

flavopiridol-treated samples. 

5.3 Results and Discussion 

5.3.1 Formulation of flavopiridol-loaded particles to be used for pulmonary delivery  

In the design of inhalable particles, excipients represent the major components, thus determine the 

physio-chemical property, impact, release profile, and toxicity.79-80  Many excipients have been 

used in inhalable particle formulations, such as amino acids, sugars, and lipids.82, 93, 99, 172, 178  The 

amino acids like L-leucine and L-isoleucine are generally used due to their property as 
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dispersibility enhancers.80, 99  In this work, we tested both L-Leucine and L-isoleucine as the 

primary excipients in the formulation. L-leucine was found to precipitate and made a cloudy 

appearance in an ethanol-water mixture; therefore, we went with L-isoleucine which was soluble. 

Addition of phospholipids, to the formulation has been demonstrated to present successful entry 

into cells for delivery of the therapeutic.179-180 Following additions of a phospholipid to the L-

isoleucine was visualized in Figure 5.2A resulted in particle morphology composed of outward 

folded sheets that were analogous to a “rose-bud” morphology. It has been shown with the 

commercial product, Pulmosphere®, that the addition of (2:1) CaCl2 to phospholipid formulations, 

resulted in improved environmental robustness.181 As seen in Figure 5.2B, the addition of CaCl2 

resulted in  heterogeneity in shape with a flattened heterogenous morphology, therefore CaCl2 was 

excluded from the formulation. The addition of sugars, like glucose to the formulations has been 

demonstrated through enhancing bioavailability during pulmonary delivery.178, 182 Addition of 

glucose to the formulation as shown in Figure 5.2C, resulted in solid particles with low surface to 

volume ratio, which was not desired for pulmonary delivery, since it was been shown to inhibit 

dispersibility of the particles during inhalation.183 
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Figure 5.2.  SEM imaging of potential formulation components. A. (90:10) L-isoleucine/DPPC  

B. (89.25:10:0.75) L-isoleucine/DPPC/CaCl2. C. (10:10:80) L-isoleucine/DPPC/Glucose at 70 % 

(v/v) ethanol:water. D. (10:10:80) L-isoleucine/DPPC/Glucose at 80 % (v/v) ethanol:water. All 

scale bars = 20 μm 

 

The phospholipid used in the formulation was DPPC, which has been demonstrated in literature 

for many pulmonary delivery vehicles.172-173  Ethanol-water mixed solvent was utilized during 

synthesis, due to DPPC high solubility in Ethanol and L-isoleucine solubility in water. The active 
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component, flavopiridol, is easily identified in the UV-Vis spectrum at 𝜆𝑚𝑎𝑥 = 358 nm as shown 

in Figure 5.3. because there is no overlap with any other component in the particle.  

 

Figure 5.3. Absorption spectra of L-isoleucine/DPPC particles loaded with Flavopiridol after 

dissolving in 70 % Ethanol (small black dash) displayed with that of 50 𝜇M Flavopiridol in 70% 

Ethanol (Solid black line) and L-isoleucine/DPPC particles (large black dash). The absorption at 

𝜆𝑚𝑎𝑥 = 358 nm was used to quantify flavopiridol concentration and calculate loading capacity.  

 

5.3.2 Quantitative determination of the formulation of flavopiridol-loaded particles for 

pulmonary delivery 

With the formulations at hand, we varied the MPCA operation parameters systematically until 

optimal values were reached. The microfluidic piezo orifice diameter was varied from 4 – 11 𝜇m. 

It was found that the minimum orifice diameter for droplet spray production was 11 𝜇m, while < 
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11 𝜇m was unable to produce a continuous spray due to orifice clogging. The formulation feed 

flow rates were varied from 5 – 30 mL/hr. From 5- 22 mL/hr, the droplet spray was continuous 

over the entire synthesis timeline, while 23 – 30 mL/hr resulted in intermittent droplet spray due 

to overfilling. Therefore, 22 mL/hr was chosen as the optimal formulation feed flow rate.  From 

these parameter variations, the optimal operation parameters were selected and were summarized 

in Table 5.1.  

The % composition of DPPC in the formulation was varied from 5 – 30 %. When DPPC is 5%, 

the majority of the particles presented a flattened morphology, while  greater than 10% DPPC, the 

curvature and surface to volume ratio increased. Therefore, the optimal % of DPPC was selected 

to be 10%, due to the desired “rose-bud” particle morphology, described previously.  

The total excipient concentration has been shown to affect particle size and morphology and was 

typically in the range of 0.1 – 0.5% (w/v).184 In this work we tested 0.1 – 0.5% (w/v), whereas the 

concentration increased, the size of the particles increased proportionally. At  0.1 %(w/v), the 

particle production rate is too slow for adequate sample testing, while at 0.5 %(w/v), micro piezo 

orifice frequently clogged, causing an intermittent production rate. The optimal concentration was 

determined to be 0.3 %(w/v), due to an excellent continuous process and yield. 

The EtOH:water feed solvent composition has been demonstrated to affect particle morphology 

and drying kinetics99, therefore the composition was varied from 50:50  - 80:20. At 50:50, the 

ethanol concentration was too low for complete evaporation of solvent during synthesis, which 

resulted in liquid in the collector. At 70:30, complete evaporation of the solvent was observed with 

dry powder in the collector, producing particles as shown in Figure 5.1C. When the ethanol 

composition increased to 80:20, the particle morphology became flattened as shown in Figure 

5.1D.  Therefore, EtOH:water at 70:30 was selected as the solvent. The optimal composition, 



81 
 

concentration, and solvent are summarized in Table 5.2.  

Table 5.2. Optimal formulation for particle synthesis using MPCA 

 

For each synthesis, we characterized the process yield, LC, EE, ρtapped  following the protocols 

described in the experimental above. In addition, the geometrical and aerodynamic diameter of the 

particles and their dispersity was investigated using SEM. Among the multiple series of synthesis 

performed, we included the representative results in Table 5.3.  

Table 5.3. Properties of the ILD and flavopiridol loaded ILD particles for pulmonary delivery   

 

The concentration of flavopiridol of 300 nM has been demonstrated to be optimal for treatment of 

inflammation, in the synovial knee joint.64, 68, 156 During the route to the lung, the inhalable particles 

reach the epithelial lung lining fluid (LLF), where eventually flavopiridol becomes bioavailable.185 

The LLF has been shown to have a volume of ~ 20 mL186, and a typical dose for a DPI is 5 mg.187 

Therefore, the required loading of flavopiridol in the formulation particles is 0.048% (w/w). 

However, it has been shown that pulmonary delivery using a DPI can result in around 25% 

deposition of the dose in the lung188, therefore the amount of flavopiridol was increased by 4-fold 

to 0.19% in order to account for the loss of drug. 

Using MPCA with the optimal operation parameters and formulations listed in Tables 5.1 and 5.2, 

we began the production of flavopiridol loaded ILDF particles as described in Table 5.3. The 
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flavopiridol loading is 0.19% as determined using UV-Vis spectrum (black dots) in Figure 5.2. 

The spectrum reveals the same characteristic peaks of the flavopiridol standard (solid black line) 

in Figure 5.3, from which the peak at 358 nm, was used to quantify the absorbance (A = 0.5003). 

The loading capacity of flavopiridol in the ILDF particles was quantified using eq (1) and was 

determined to be, LC = 0.19%. As a negative control, the unloaded ILD particles (black dash) do 

not exhibit absorption at 𝜆𝑚𝑎𝑥 = 358 nm. The Encapsulation Efficiency (EE) in this synthesis was 

quantified using eq (2)  reached 99 ± 2%.   

The composition was confirmed using FTIR spectroscopy as seen in Figure 5.4. The spectrum of 

the ILDF formulation (D) most similarly resembles L-isoleucine (A) with a characteristic 1514 

cm−1 (red star), with a slight presence of the characteristic C=O stretching189 (blue star) of DPPC 

(B) indicated above. It was confirmed that L-isoleucine is the major component of the formulation, 

while DPPC plays a minor role in the composition.  

 

Figure 5.4. Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra of starting 

material (A) L-isoleucine (B) DPPC, (C) Flavopiridol and (D) ILDF particles. The blue and red 

stars are indicators of reagent specific absorption events.  
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5.3.3 The ILDF particles exhibit high dispersity and aerodynamic property for pulmonary 

delivery 

The dispersity of the ILDF formulation particles as described in Table 5.3, Row 2, was visualized 

in Figure 5.5B by mimicking the pulmonary inhalation process from the bench top. The schematic 

representation for the sampling methodology is seen in Figure 5.5A. 

 

Figure 5.5. Mimicking inhalability of produced particles for pulmonary delivery. A. Schematic 

representation of new technique to immobilize sprayed particles for dispersity visualization using 

SEM. B. ILDF formulation particles as described in Table 3, Row 2. C.  ILDG particles. All scale 

bars = 20 𝜇m  

 

Briefly, < 1 mg of powder formulations were inserted into a 1.00 mm ID glass capillary tube and 

mounted vertically via 3-fingered clamps. The end of the capillary tube was custom fitted with a 

syringe-needle port, which is inserted into a PTFE tubing. The end of the PTFE tubing is directly 

fitted to a variable area flowmeter attached to nitrogen gas tank.  The flow rate of nitrogen was set 

at rates comparable to the human breath at sea level, at 12 L/min.190 Following the spray of the 

particles, the sample was prepped for SEM imaging as described in the experimental section. As 

seen in Figure 5.5B, the ILDF particles exhibit high dispersity, with a mean distance between 

particles (𝑥̅) = 7.3 ± 5.5 𝜇m clearly resolved between particles. To demonstrate the robustness of 
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this method, ILDG particles were synthesized using MPCA and parameter listed in Table 5.1, with 

D-α-glucose at 80% composition, while DPPC and L-isoleucine was each 10%. It is well known 

that sugars at high compositions are sticky and cohesive.178 In Figure 5.5C,  ILDG particles are 

clumped together into aggregates of at least 20 particles,  indicating little to no dispersibility. The 

physical diameter of the ILDF particles as shown in Table 5.3, row 2, was measured from SEM 

images to be  5.5 ± 1.3 𝜇m. The mean aerodynamic diameter, as following literatures 

conventions80, was determined to be 2.5 ± 0.6 μm, which falls into the required aerodynamic range 

for pulmonary delivery, 1-5 𝜇m.191Therefore, the ILDF particles are inhalable with high dispersity 

and aerodynamic property for pulmonary delivery.  

5.3.4 In vitro flavopiridol release profile meets the requirement for pulmonary delivery  

In vitro release experiments were performed on the flavopiridol loaded ILDF particles (blue dots) 

described in Table 5.3, row 2, by utilizing demonstrated release protocols. 67, 173 The required 

delivery is to release flavopiridol from 5 mg particles rapidly from the particles within hours.173, 

192-193 The overall release profile is visualized in Figure 5.6, where by  3 hours, 99.4 % of drug is 

released. 
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Figure 5.6. Drug release profile of ILDF (blue dots).  In each time point of measurement,  the 

result is expressed as mean ± SD from n = 3 independent batches of ILDF microparticles.  

Nonlinear least-square fitting of the release profile  using eq. (5) is shown as the solid black line.  

 

The quantitative kinetics is fitted using known kinetics model, described in experimental and is 

shown in eq. (5), and the extracted parameters are shown in Table 5.4. The burst constant, 𝑘𝑏 = 

1.599 hr−1, demonstrates how fast the release of flavopiridol occurs. The diffusion coefficient, 𝐷𝑒 

= 2.3 x 10−11 cm2/s, was shown to be similar to those calculated in literature.174 The in vitro 

release profile of flavopiridol matches the required release kinetics for pulmonary delivery. 
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Table 5.4. Kinetics parameters extracted from the non-linear least-square fitting of the drug release 

profile of the ILDF particles using eq(8). 

 

 

5.3.5 The ILDF particles are sufficiently stable for 4 weeks 

The ILDF particles described in Table 5.3, row 2 was assessed for chemical and thermodynamic 

stability under ICH guidelines.176-177 This was performed under three storage conditions for 4-

weeks: refrigerated at 4 ° 𝐶, shelf-stability at 24 °C, and elevated temperature of 37 °C. The 

stability of flavopiridol in the ILDF particles was monitored by tracking the chemical stability of 

the molecules with time, using the UV-Vis spectroscopy.  Figure 5.7 shows the comparison the 

outcome in the beginning and at the end of these measurements.  
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Figure 5.7. The stability of Flavopiridol in ILDF inhalable particles for up to 4 weeks at 4, 24, and 

37°𝐶. The UV-Vis spectrum of the ILDF particles in 70% Ethanol (solid black line) after 4 weeks 

under the  three storage conditions are plotted with the freshly produced ILDF particles in 70% 

Ethanol (dashed black line). The absorption at  𝜆 = 230 nm for each spectrum was normalized 

throughout all profile. 

Figure 5.7A reveals the stability under 4 °C, mimicking the storage under house-hold refrigeration, 

where the appearance of the spectrum of ILDF particles after 4 weeks closely resembles the 

spectrum of freshly produced particles. Therefore, under refrigerated conditions the formulation 

particles are stable. Under 24 °C and in the presence of room light, i.e., house-hold shelf storage, 

the stability remains throughout the 4 weeks of our test period (Figure 5.7B). Even at  incubation 

temperatures, e.g., 37 °C (Figure 5.7C), the stability remains. Therefore, due to the stability 

remaining throughout the accepted testing described previously, we anticipate the ILDF particles 

meet the standard and are ready for animal testing.  

5.3.6 Flavopiridol in the ILDF particles exhibit high biological activity in vitro 

The biological activity of flavopiridol in the ILDF particles was accessed using a luciferase 

assay.67, 127 The presence of TNF-𝛼 in the luciferase assay, causes activation of luciferase 

expression which is driven by the NF-𝜅𝐵 promoter. In the presence of flavopiridol, this activation 

is suppressed. As seen in Figure 5.8, The expected maximum luciferase activity was detected in 

cells treated with TNF only (black bar) and the blank ILD particles (Grey bar) with no statistical 
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difference.   

 

Figure 5.8.  Bioactivity of Flavopiridol in ILDF particles measured by luciferase assay. Released 

flavopiridol (FLAP) from ILDF particles and blank ILD particles were assessed of their bioactivity 

through suppression of luciferase activity in HEK-Luc reporter cells stimulated with TNF-α (0.6 

nM). Experiments were performed in triplicate(N=3) from one batch of particles, and results were 

reported as mean±SD. Measurements were taken in conjunction with Dr. Jasper Yik and Dr. 

Dominik R. Haudenschild  in the School of Medicine at University of California, Davis. 

 

In comparison, cells treated with 300 nM of flavopiridol in the ILDF particles (Red bar) or 300 

nM of soluble flavopiridol present the lowest luciferase activity with no statistical difference. This 

result suggests that the biological activity of flavopiridol in the ILDF particles is retained for 

pulmonary delivery, which is a powerful indicator in good in vivo behavior.  



89 
 

5.4 Conclusion 

This work demonstrates the successful production of inhalable ultra-small particles containing 

flavopiridol via spray drying technique. These produced particles represented the first time that 

flavopiridol has been incorporated into particles for pulmonary delivery.  The presence of the 

particle components was verified using UV-Vis and ATR-FTIR spectroscopy. The particles 

produced were shown to be dispersible in flight, by a new method to determine dispersibility and 

morphology in the same readout. The in-vitro release profile was demonstrated to  match the 

required release requirement for pulmonary delivery. These particles were demonstrated to be 

stable at all conditions tested, with no observed spectral changes. The incorporated flavopiridol in 

the formulation particles was demonstrated to be biologically active and ready for animal studies. 

This work enabled, the use of flavopiridol as a treatment option for inflammation-based diseases 

in the lung via pulmonary delivery of inhalable particles. 
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CHAPTER VI 

Conclusions and Future Perspectives 

6.1 Conclusions 

6.1.1 A Green Approach to Producing Polymer Microparticles for Local Sustained Release 

of  Flavopiridol 

Encapsulation of flavopiridol within PLGA microparticles using greener practices was 

reported for the first time. Current means for synthesizing PLGA microparticles, using either 

conventional emulsion or MFFD, frequently employ DCM as the solvent in organic phase.  Due 

to DCM’s health and environmental toxicity and slow degradation, a green solvent, DMC, is 

introduced to replace DCM.   Using production of FLAP encapsulated PLGA microparticles as an 

example, this work demonstrates that the use of green solvent does not hinder the synthesis 

procedure or quality of products. In fact, the use of DMC preserves the narrower size distribution 

leading to high reproducibility in particle size and drug load. In addition, the particles produced 

exhibited drug release profiles more desirable for local sustained release into joint for future 

applications of osteoarthritis treatment.  Further, cytotoxicity and biological activity tests 

demonstrated high biocompatibility and efficacy, respectively.  DMC was shown to be a much 

greener solvent than DCM with approximately one order of magnitude higher LD50 values in rat, 

5-fold degradation rate. Additional measures include a 30% higher GlaxoSmithKline (GSK) 

combined greenness value. In the context of PLGA particle production process, the simple E-

Factor (sEF) and complete E-Factor(cEF) of DMC are only a fraction of that of DCM, i.e., 76% 

and 76%, respectively, which indicates greater sustainability. The approach reported in this work 

shall also provide a new and green means for production of polymer-based microparticles for local 
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sustained delivery of FLAP for the treatment of osteoarthritis and cancers, and for drug delivery 

in general.   

 

6.1.2 New Insight into Drug Release Profiles of Flavopiridol Loaded Poly(lactic-co-glycolic 

acid) Microparticles.  

We developed a new approach to quantify the release kinetics of flavopiridol loaded PLGA 

microparticles. In contrast to the multiple term single equation model used in the past, we used a 

piecewise model with the time region determined independently using time-dependent SEM 

imaging. When applying the conventional model to quantify release profile of  flavopiridol loaded 

PLGA microparticles, we ran into the limitations that the contribution of burst release, 𝜃𝑏,  and 

burst constant, 𝑘𝑏, remained constant throughout the long term 30-day release period. This new 

approach has addressed this limitation. High resolution SEM and AFM enabled accurate 

monitoring of geometry changes during release as such, the correct diffusion term can be utilized 

where an accurate equation involving spherical or film diffusion can be selected. Accurate 

morphology and geometry evolution enable the selection of the correct piecewise equation. 

Degradation of the particles underwent different geometrical resolution, because of a 

intraparticulate porous structure as revealed by AFM. The parameters derived from our piecewise 

equation approach can be used to guide particle synthesis in order to meet the local sustained 

release requirement, in vivo. The approach reported in our work, can be utilized with other 

encapsulated drugs or even in other polymeric systems, where researchers can use the extracted 

parameters to tune formulations and release kinetics.    
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6.1.3 Production of Flavopiridol Loaded Inhalable Ultra-small Particles for Pulmonary 

Delivery 

This work demonstrates the successful production of inhalable ultra-small particles containing 

flavopiridol via spray drying technique. These produced particles represented the first time that 

flavopiridol has been incorporated into particles for pulmonary delivery.  The presence of the 

particle components was verified using UV-Vis and ATR-FTIR spectroscopy. The particles 

produced were shown to be dispersible in flight, by a new method to determine dispersibility and 

morphology in the same readout. The in-vitro release profile was demonstrated to  match the 

required release requirement for pulmonary delivery. These particles were demonstrated to be 

stable at all conditions tested, with no observed spectral changes. The incorporated flavopiridol in 

the formulation particles was demonstrated to be biologically active and ready for animal studies. 

This work enabled, the use of flavopiridol as a treatment option for inflammation-based diseases 

in the lung via pulmonary delivery of inhalable particles. 

6.2 Future Perspectives 

6.2.1 Further characterization of the flavopiridol loaded inhalable particles 

The inhalable particles containing flavopiridol described in Chapter V, will undergo further testing 

for characterization of the in vitro aerodynamic properties from a dry powder inhaler and physical 

properties of the particles. This will be performed at a local company, iPharma ltd. (Union City, 

CA). First, the company will load 5 mg of inhalable particles into DPI capsules in an air-free 

environment. The capsule-based DPI device that will be used is “Plastiape” where the gravimetric 

and aerodynamic particle size distribution will be determined using a Next Generation Impactor. 

The moisture content of 20-50 mg of  the produced particles will also be tested, using Karl Fischer 

titration methods. For each test, the analysis will be performed 3X to demonstrate reproducibility 
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and deviation. If the particles perform exceptionally during these described tests, then this 

formulation will be utilized in the next steps for animal clinical trials for treatment of COVID-19.  

 

6.2.2 In vitro and in vivo determination of the antiviral effects of flavopiridol on SARS-COV-

2 

The inhalable particles containing flavopiridol described in Chapter V will undergo in vitro and in 

vivo testing of the antiviral effects of flavopiridol on SARS-CoV-2 infection. It is expected that 

flavopiridol will reduce SARS-CoV-2 viral load in both in vitro and in vivo experiments. Materials 

will be transferred to Dr. Lark. L Coffey’s Biosafety Level 3 lab at the UC Davis School of 

Veterinary Medicine, where the in vitro and in vivo testing will occur. 

 

6.2.3 Testing of the anti-inflammatory effects of flavopiridol in vivo 

The inhalable particles containing flavopiridol described in Chapter V, will undergo in vivo testing 

of the anti-inflammatory effects using an animal model.  It is expected that flavopiridol will reduce 

the inflammation response in the animal model. Material will be transferred to Dr. Dominik R. 

Haudenschild’s lab at UC Davis School of Medicine, where the in vivo testing will occur. 

 

6.2.4 Testing of the anti-fibrotic effects of flavopiridol in vivo.  

The inhalable particles containing flavopiridol described in Chapter V, will undergo in vivo testing 

of the anti-fibrotic effects of flavopiridol. It is expected that flavopiridol will present anti-fibrotic 

effects, in vivo. Materials will be transferred to Dr. Reen Wu’s lab at UC Davis School of 

Medicine, where the in vivo testing will occur. 
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CHAPTER VII 

Appendix 

7.1 SOP for the synthesis of 15 𝝁m PLGA Microparticles from Chapter III 

 

7.1.1 Purpose 

This standard operating procedure outlines requirements to be considered by an 

authorized user of the flow focusing microfluidic device, used in the generation of 15 𝜇m 

PLGA microparticles. 

 

7.1.2 Personnel 

A. Authorized Personnel:  The Microfluidic Flow Focusing Device may be operated 

only by authorized personnel who are fully cognizant of all safety issues involved in 

the operation of this equipment. To become an authorized user, one must: 

 

1. Read and fully understand “Sharps Safety Guidelines” (Safety Net #3) \ 

2. Receive training on using the Photron Ax-100 high speed camera by an 

authorized user 

3. Receive training on Buchi R300 rotational evaporator by an authorized user 

4. Receive training on Scanning Electron Microscopy (SEM) in Room 11 

5. Receive training on Microfluidic Flow Focusing Device by an authorized user 

6. Receive training on Chen Lab Lyophilizer 

7. Read and fully understand all SOP’s 

8. Sign the authorized user sheet to affirm that the above steps have been completed. 
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B. Unauthorized personnel:  All visitors during microfluidic synthesis must be briefed 

on proper safety protocol and must wear appropriate PPE located on the premises. 

7.1.3 Hazards 

A. Physical Hazards: Physical hazards may be present due to the handling of sharps for 

synthesis. For sharps safety guidelines read Safety Net #3 

B. Chemical Hazards: chemical hazards are present in the microfluidic synthesis, 

through the use of the following chemicals 

i. Dichloromethane (DCM) 

ii. Polyvinyl alcohol (PVA) 

iii. Ethanol (200 proof) (EtOH) 

iv. Isopropyl alcohol (IPA) 

v. Acetone  

vi. Sodium dodecyl sulfate (SDS) 

vii. Liquid Nitrogen 

C. Electrical Hazards: Electrical shock or electrocution could result from direct contact 

with electronics in the microfluidic flow focusing set-up 

7.1.4 Hazards Control 

A. Proper PPE Requirements for Microfluidic Synthesis 

1.) Laboratory Coat 

2.) Safety Glasses 

3.) Nitrile Gloves 

4.) Long Pants 
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5.) Close-toed Shoes 

B. Physical Hazards: when inserting needle into PTFE tubing, care must be taken to 

avoid being stabbed by the sharp. Using tweezers to clasp onto the tubing and guide 

into the needle enough to form a seal.  

C. Chemical Hazards: The use of dichloromethane outside of fume hood should not 

exceed > 1 mL. Solution preparation should be performed in the fume hood to avoid 

inhalation of toxic vapors.  

D. Electrical Hazards: No components should be opened up and assume all internal 

components are hazardous.  

 

7.1.5 Preliminary Protocol 

A. Obtain a Flow-Focusing Microfluidic Device as shown below in Figure 7.1. 

 

 

 

 

 

Figure 7.1. PDMS based Flow-Focusing Microfluidic Device with flow path schematic 

 

B. Cleaning a used Flow-Focusing Microfluidic Device  

a. Place the microfluidic device in a zip lock plastic bag containing solution with 

1ml of 5% Sodium dodecyl sulfate (SDS) and 49ml DI H2O and sonicate for 

15min 
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b. Transfer the microfluidic chips to a zip lock plastic bag containing a solution with 

25 ml acetone and sonicate for 15 min 

c. Transfer the microfluidic chips to zip lock plastic bag containing 25ml (Isopropyl 

alcohol) IPA and sonicate for 15 min 

d. Transfer the microfluidic chips to zip lock plastic bag containing 25ml 200 proof 

Ethanol sonicate for 15 min 

e. Repeat step “a” to “d” twice  

f. Wipe the outside surface of the microfluidic chips 

 

C. Hydrophilic Coating of Microfluidic Channels using PVA treatment  

Microfluidic Device channel’s must be hydrophilic to prevent organic solvent wetting 

to obtain droplet formation. 

a. Plasma clean the microfluidic chips for 5min 

b. Prepare 12 ml 1% polyvinyl alcohol (PVA) (98% hydrolyzed) (MW ~ 31 kDa) in 

a plastic syringe 

c. Inject 1% PVA to middle channel, and let it sit for 10min to 15min 

d. Dry the channels with N2 gas and wipe the surface of the chip with Kim wipe 

e. Put the microfluidic devices in oven (110°C) to dry for 15 to 20 mins  

f. Repeat step “c” to “e” 3 times 

g. Look at the microfluidic device channel through microscope to see if newly 

formed outer layer is visible.  

 

D. Organic (10 mg/mL PLGA) phase preparation 
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10mg PLGA (polylactic-co-glycolic acid) (50:50) MW ~ 40 kDa was dissolved 

overnight in 1 mL dichloromethane in a sealed glass vial. 

 

E. Aqueous (1% PVA) phase preparation 

1. Obtain 4 g of polyvinyl alcohol (PVA) (98% hydrolyzed) (MW ~ 31 kDa) 

2. Place 100 ml Milli-Q H2O and a magnetic stir bar in 500 mL Erlenmeyer Flask  

3. Heat the water to 80 °C and mix at 500 rpm 

4. Slowly add the 4g PVA to the Erlenmeyer Flask until all solid is dispersed  

5. Allow the solution to sit overnight under heating and mixing  

6. Due to evaporation of water, add additional solvent till 100 mL original level is 

met 

7. Dilute the 4 % PVA solution with additional 300 ml Milli-Q H2O to obtain a 1% 

PVA solution. 

7.1.6 Microfluidic Flow Focusing Synthesis of 15 𝝁m PLGA microparticles 

 

1. The organic (PLGA) solution was transferred into a 1 mL Hamilton gas-tight 

syringe  equipped with a 29-gauge Luer lock needle and equipped on a syringe 

pump (New Era Pump System, NE-300).  

2. The aqueous 1% PVA solution was transferred into two 10 ml gas-tight syringes 

equipped with 29-gauge Luer lock needles and equipped on a separate dual-

syringe pump (Princeton)  

3. The two aqueous syringes were attached via PTFE tubing (30 gauge) and prefilled 

with aqueous solution. 
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4. Obtain a microfluidic flow focusing device on Chemistry Annex 0480 

5. Place microfluidic flow focusing device onto an inverted microscope, equipped 

with a high-speed camera (Photron AX-100) as shown in Figure 7.2. 

 

Figure 7.2. Home-built Flow Focusing Microfluidic Device for Uniform PLGA 

droplet formation 

 

6. Turn on microscope light source to maximum and turn on high speed camera. 

7. Insert tubing using tweezers into the two aqueous channel inlets as shown in 

Figure 7.3. 

8. The organic syringe was similarly attached via PTFE tubing (30 gauge) and filled 

with organic solution. 

9. Insert tubing into the organic channel inlet as shown in Figure 7.3. 

Syringe Pump: 

 Organic 

Syringe Pump: 

 Aqueous 

Inverted 

Microscope 

High-Speed 

Camera 

Microflui

dic 



100 
 

 

Figure 7.3. Inlet and outlet locations on PDMS-based Flow Focusing 

Microfluidic Device 

10. PTFE tubing was inserted into the outlet of the microfluidic device and the open 

tubing was immersed in a round bottom flask (100 mL) containing 1 % w/v PVA 

(5 mL) 

11. Set the organic phase flow rate to 0.2 ml/hr and the aqueous phase to 6 ml/hr 

12. Using Photron’s “PFV” software on the computer, configure settings to visualize 

orifice region. (See High-Speed Camera SOP for more information) 

13. Press start on both syringe pumps 

14. Droplet formation should be visible when the microchannels are filled with 

respective solution 

15. If droplet formation is uniform with no visible solvent wetting, synthesis can 

continue as started 

16. Droplet diameter can be measured using “PFV” software using width of channels 

as scale bar. 

17. Uniform microdroplets should be visible in the range of 74 – 78 𝜇m 

18. If droplets are larger or smaller than range above, check for clogs near orifice 

region or leaks in device/syringes. 
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19. If droplet diameter range is attained, continue running experiment. (Be sure to not 

touch tubing during experiment, this will cause fluctuations in droplet size, 

causing polydispersity) 

 

Figure 7.4. 76 𝜇m PLGA droplet formation in Flow Focusing Microfluidic device, 

imaged in situ using high speed camera 

 

20. Run experiment for at least 1.5 hours to obtain at least 3 mg of microparticles 

21. After 1.5 hours, all tubing is removed from the microfluidic device and syringe 

pumps are turned off. 

22. Turn off the high-speed camera and microscope 

23. 1% PVA is flushed through microfluidic channels using plastic syringe to remove 

non-collected materials and is placed in a waste container and the device is stored 

for future use. 

24. Used tubing is thrown away and syringe needles are placed in the sharp’s 

container. 

25. Mount the collection flask on a rotational evaporator (Buchi R300) in room 25. 
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Figure 7.5. Mounting Sample Vial on the Buchi R300 for removal of 

dichloromethane from PLGA droplets 

 

26. Dichloromethane is removed from the collection flask by setting Rotavapor 

settings to (Pressure = 90 mbar, rotation = 200 rpm, and heating bath = 25 °𝐶). 

(Use Rotational Evaporator SOP for training) 

27. Following evaporation, transfer the product to 15 mL conical tubes with equal 

volume 

28. Place vials into a centrifuge at 1500 rpm for 5 mins 

29. Carefully decant the supernatant into a waste container and add 10 mL of fresh 

Milli Q 𝐻2𝑂 and quickly agitate microparticle pellet using a vortex. 

30. Repeat “step 25 - 26” to two more times 
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31. Following washing, transfer particles in < 5 mL of water into a weighed glass 

scintillation vial and use a rubber band to cover the vial with a Kim wipe. 

32. Quickly freeze the dispersed microparticles in liquid nitrogen and lyophilize to 

dryness using the Chen Lab Lyophilizer (Use Lyophilization SOP for training) 

33. If particles are dry, weigh the vial to determine the microparticle yield and store 

the capped vial in -20 °𝐶 freezer. 

 

7.1.7 Determination of PLGA microparticle average diameter and dispersity using Scanning 

Electron Microscopy (SEM) 

1. Obtain < 1 mg of synthesized PLGA microparticles and disperse in 30 𝜇L of  

Milli Q water 

2. Drop cast 5-10 𝜇L of dispersed microparticles onto a 1 cm2  Piranha cleaned 

silicon wafer 

3. Allow sample to air dry in the Laminar Flow Hood in Room 25 

4. Attach sample to an SEM stub using carbon tape  

5. Place sample in the gold sputter (Ted Pella) in room 11 and sputter coat 10 nm of 

gold on the sample. 

6. Place the sample in the SEM in room 11 and image the sample using Vacc = 2 kV 

(Get trained using SEM in Room 11) 

7. Take images, where there are at least 100 particles. 

8. Load the images on image J software and calculate the average diameter and 

dispersity using the coefficient of variation (CV) below. 
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𝐶𝑉 = (
𝜎

𝑑
)  𝑥 100 (1) 

 

9. Using the figure 6, shown below of the microparticle batch synthesized above, the 

CV was 2.9 % and the average diameter was 15.1 𝜇m 

 

Figure 7.6. 15.1 𝜇𝑚 PLGA microparticles synthesized using flow focusing 

microfluidics  

 

 

7.2 Design of Microfluidic Flow Focusing Device in AutoCAD 2019 

The Microfluidic flow focusing device was designed in AutoCAD 2019, and as shown below in 

Figure 7.7 is the 3D visual representation of the device. The zoom-in schematic as shown in Figure 

7.8, with dimension drawn for the orifice region where droplets are generated.  
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Figure 7.7. 3D visualization of AutoCAD created microfluidic flow focusing device used in 

Chapter III 
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Figure 7.8. 2D schematic of the orifice region of the microfluidic flow focusing device 
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7.3 Non-linear least squares fitting of drug release profiles using MATLAB R2019 

7.3.1 Two-term model involving burst and degradation release 

The first code involved two-term burst and degradation model, and the general form is seen below: 

%[xData, yData] = prepareCurveData( x, y ); 

  

% Set up fittype and options. 

ft = fittype( '(a*((1-exp(-b*x)))+((1-a)*exp(c*(x-d))/(1+exp(c*(x-d)))))*100', 'independent', 'x', 

'dependent', 'y' ); 

opts = fitoptions( 'Method', 'NonlinearLeastSquares' ); 

opts.Display = 'Off'; 

opts.Lower = [0 0 0 0]; 

opts.StartPoint = [0 0 0 0]; 

opts.Upper = [1 Inf Inf]; 

  

% Fit model to data. 

[fitresult, gof] = fit( x, y, ft, opts ); 

  

% Plot fit with data. 

figure( 'Name', '15-DMC' ); 

h = plot( fitresult, x, y ); 

legend( h, 'y vs. x', '15-DMC', 'Location', 'NorthEast', 'Interpreter', 'none' ); 

% Label axes 

xlabel( 'x', 'Interpreter', 'none' ); 

ylabel( 'y', 'Interpreter', 'none' ); 

grid on 

  

 

7.3.2 Three-term model involving burst, degradation, and Fickian diffusion 

The second code involved 3-term burst, degradation, and diffusion model, and the general form is 

seen below: 

%radp = 0.00151; 

disk = 0.0002; 

%for i = 1:1:length(x) 

    %Loop to evaluate each term in the series; 

    %series(k) = Zeros(1, nTerms); 

    %for k = 1:1:nterms 

        %n = k-1; 

       % series(k) = (1/n^2)*exp(-p(1)*n^2*pi^2*x(i)/R^2); 

   %end 

    %y(i) = 1-6/pi^2*sum(series); 
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for n = [1,10000000] 

    fun = @(p,x32DMClate) (p(1)*(1-exp(-p(2)*x32DMClate))+p(3)*(exp(p(4)*(x32DMClate-

p(5)))./(1+exp(p(4)*(x32DMClate-p(5)))))+(1-p(1)-p(3))*(1-

(8./pi.^2)*sum((1./(2*n+1).^2)*exp(-pi.^2*(2*n+1).^2*p(6)*x32DMClate./2*disk.^2))))*100; 

     

end 

fun2 = @(p)fun(p,x32DMClate)-y32DMClate; 

%make some initial guesses 

x0 = [0.01,0.01,0.5,0.3,14,1E-7]; 

lb = [0,0,0,0,3,1E-18]; 

ub = [0.3,inf,0.7,inf,31,1E-6]; 

%options = optimoptions('lsqcurvefit','Algorithm','levenberg-marquardt'); 

%use lsqcurvefit machine learning algorithm to find optimal parameters for 

%this data set 

%p_opt = lsqcurvefit(fun, x0, x32DMClate, y32DMClate, lb, ub); 

  

[xlsqnonlin,errorlsqnonlin] = lsqnonlin(fun2,x0,lb,ub); 

x32DMClate, fun([xlsqnonlin,errorlsqnonlin], x32DMClate); 

y32DMClate; 

%print the optimized equation 

%p_opt 

%plot the data with the predicted relationship 

figure; 

scatter(x32DMClate,y32DMClate); 

hold on; 

plot(x32DMClate, fun([xlsqnonlin,errorlsqnonlin], x32DMClate), '-k'); 

hold off; 

title("BRD Model"); 

legend("Experiment","Fitting"); 

xlabel("time(days)"); 

ylabel("% released"); 

  

SStot = sum((y32DMClate-mean(y32DMClate)).^2); 

SSres = sum((y32DMClate(:)-fun([xlsqnonlin,errorlsqnonlin], x32DMClate)).^2); 

Rsq = 1-SSres/SStot; 
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