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ABSTRACT

Cancer is a leading cause of death worldwide, with more than 10 million deaths reported in

2020. Leukemia is a type of blood cancer that can be difficult to treat in adults, requiring the

development of Smart Drug Delivery Systems (SDDS). SDDS employ the use of nanoparticles

(NPs) for targeted drug delivery. NPs are typically defined as falling in the size range of 1 – 1,000

nanometers. Nanotechnology has profound applications, specifically in the field of drug delivery.

This includes nanocarriers as delivery vehicles, including polymeric NPs, quantum dots, lipo-

somes, micelles, and many others. Polymeric NPs are synthesized using polymers. For instance,

poly-L-lysine (PLL), a cationic polymer, is regularly employed to foster self-assembly in NPs

formation. poly(ethylene glycol) (PEG) can be grafted to PLL to offer protection from prote-

olytic degradation. L-asparaginase (L-ASNase) is a therapeutic protein used to treat leukemia.

Its mechanism involves converting asparagine (L-ASN) into aspartic acid, thereby depleting

circulating asparagine a vital nutrient for cellular growth and protein synthesis. Leukemia cells

are unable to produce asparagine and require an exogenous source and hence L-ASNase trig-

gers asparagine starvation and cell death of leukemic cells. However, L-ASNase is hindered by

a short circulatory half-life, diminished enzymatic activity under physiological conditions, and

overall low stability. Previous research has demonstrated the encapsulation of L-ASNase in poly-

l-lysine grafted poly(ethylene glycol) (PLL-g-PEG) nanocarriers to mitigate these drawbacks.

Doxorubicin (DOX) is a small-molecule chemotherapeutic drug that is a topoisomerase II in-

hibitor. Topoisomerase II is necessary for transcription and DNA replication by repairing dam-

aged or tangled DNA. DOX prevents topoisomerase II from repairing DNA, causing cell death.

Co-encapsulation has emerged as a promising area of research. Co-encapsulation is the com-

bining of multiple therapeutics into one nanocarrier. This presents unique challenges due to the

different physicochemical characteristics of therapeutic molecules.
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This research investigates the co-encapsulation of DOX and L-ASNase within a PLL-g-PEG

polymer nanocarrier. The main goal of this research is to evaluate the co-encapsulation of DOX

and L-ASNase within PLL-g-PEG NPs. Three different types of NPs have been synthesized: L-

ASNase NPs, L-ASNase/DOX NPs, and L-ASNase/BSA-DOX NPs. These sets were synthesized

to compare and evaluate two different methods of co-encpasulation. The specific tasks of this

research were to (1) synthesis and characterization of L-ASNase and DOX encapsulated PLL-g-

PEG NPs, (2) conjugation of DOX to Bovine Serum Albumin (BSA) through DTSSP linker and

characterization using attenuated total reflectance Fourier transform infrared (ATR-FTIR) and

ultraviolet-visible (UV-Vis) spectroscopy, (3) evaluation of NPs size, surface charge, and mor-

phology through dynamic light scattering (DLS) and scanning transmission electron microscopy

(STEM), (4) evaluation of the extent of protein/drug encapsulation (encapsulation efficiency)

and stability using gel electrophoresis and DOX calibration curves, and (5) determination of L-

ASNase activity within NPs.

In this study, we successfully synthesized co-encapsulated DOX and L-ASNase PLL-g-PEG

polymer NPs. DOX was conjugated to the surface of BSA through a reducible linker to stabi-

lize DOX within the NPs. The NPs were formed through self-assembly caused by electrostatic

interactions between cationic co-polymer and negatively charged conjugates and proteins. L-

ASNase/BSA-DOX NPs demonstrated lower size variability and smaller hydrodynamic diam-

eters, averaging around 84.8 ± 48.0 nm. L-ASNase activity was not conversely affected more

than typically observed from encapsulation of L-ASNase. BSA-DOX conjugates showed a higher

affinity for NPs formation over L-ASNase, resulting in decreased L-ASNase encapsulation effi-

ciencies ranging from 75 – 94%. DOX remains stably encapsulated within L-ASNase/BSA-DOX

NPs, producing high DOX encapsulation efficiencies. This method of co-encapsulation serves as

a model for the co-encapsulation of other proteins and small molecule drugs.
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CHAPTER I

INTRODUCTION

1.1—Leukemic Cancers and Protein Therapy

Cancer is a predominant cause of death worldwide, accounting for nearly 10 million deaths

in 2020 [1]. Leukemia is a specific type of cancer that primarily targets white blood cells. This

type of cancer originates in the bone marrow, where white blood cell production occurs. White

blood cells are a critical regulator of the immune system. Leukemia has two primary risks: im-

munosuppression and overcrowding of healthy hematopoietic cells [2]. Leukemia cases typically

originate in two types of blood stem cells: myeloid and lymphocytic stem cells [2]. Myeloid stem

cells produce red blood cells, platelets, and different white blood cells, such as neutrophils. Lym-

phocytic stem cells produce only white blood cells, such as B-cells and T-cells [3]. Leukemia

can be classified as either acute or chronic [4]. Acute leukemia is characterized by rapid cellu-

lar division and quick progression. These cells are unable to function like normal lymphocytes.

Chronic leukemia is mildly aggressive and is characterized by slow cellular division [4]. The

lymphoblasts produced in chronic leukemia retain the partial functionality of normal lympho-

cytes, making detection much more difficult [5].

Widely used conventional therapies for cancer treatment include chemotherapy, radiother-

apy, surgery, and local therapies, such as focused ultrasound and specific drugs targeting [6]. As a

result of toxic side effects, low specificity, and resistance to the treatment present in most conven-

tional cancer therapies, SDDS have emerged as a promising strategy for targeted cancer therapy.

In SDDS, advanced methods are used to deliver active drug molecules to selectively accumulate

in the diseased tissue for a prolonged time. These methods utilize highly controllable drug release

mechanisms to enhance their therapeutic effects and to reduce related side effects. Furthermore,

these drug delivery systems allow for the simultaneous delivery of drugs and/or therapeutic pro-
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teins (co-delivery), allowing for synergistic effects and enhanced anti-tumor activity. Therefore,

SDDS have received a greater preference over conventional anticancer therapies in recent years.

Different types of smart drug delivery vehicles, generally referred to as nanocarriers, have been

developed [6][7].

L-ASNase is widely used as a therapeutic protein for the treatment of hematopoietic dis-

eases such as acute lymphoblastic leukemia (ALL) and lymphomas since 1970 [8][9]. The an-

titumor activity of L-ASNase relies on the fact that cancerous lymphoblasts cannot synthesize

sufficient levels of (ASN) due to the down-regulation of asparagine synthetase (ASNS) in their

cells. Therefore, compared to normal cells, ASN becomes an essential amino acid for malig-

nant cells for their survival. A supply of large amounts of ASN is indeed necessary for ALL cell

growth, and this is solely dependent on the availability of extracellular ASN in the bloodstream.

Depletion of circulating ASN by intravenous or intramuscular administration of L-ASNase re-

sults in starvation and selective apoptosis of the leukemic cells. It has been reported that reducing

the concentration of L-ASNase in circulating blood from 50 to ≤ 3 µM during treatment with

L-ASNase prevents leukemia cells from continuing the cell cycle. Despite its prime use in the

treatment of ALL, L-ASNase has shown therapeutic potential for use in other types of cancer,

including acute myeloid leukemia, ovarian cancer, brain cancer, prostate cancer, pulmonary ade-

nocarcinoma, non-Hodgkin lymphoma, chronic lymphoid leukemia and sarcomas such as lym-

phosarcoma, reticulosarcoma and melanosarcoma [10][11][12][13][14][15].

1.2—Nanoparticles and Applications of Nanotechnology in Drug Delivery

Nanoscience is an interdisciplinary field that investigates nano-scale materials to identify and

utilize their diverse physicochemical properties in various applications [16]. The nano-scale is

defined as in the range of 1 – 1,000 nanometers (nm) [17]. Nanomaterials and NPs exhibit broad

applications across numerous industries, including engineering, healthcare, and drug delivery.

Nano-scale materials often show properties not observed in the same macro-scale or bulk ma-

terials. For example, specific inorganic nanomaterials demonstrate magnetic or electrical prop-
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erties distinctive from their bulk counterparts. These properties are predominantly attributed

to the increased surface area-to-volume ratio [18]. The physicochemical differences between

nanomaterials and bulk materials offer distinct advantages. The advantages of NPs are already

being exploited in numerous industries, such as cosmetics and sunscreen [19]. Another area of

promise is in the field of drug delivery. A consistent challenge observed in treatments for vari-

ous diseases is the effective delivery of high drug or therapeutic concentrations. NPs can facil-

itate a pathway to increase efficient drug delivery. [20] Many diverse types of NPs are used in

drug delivery research, including micelles, liposomes, quantum dots, polymeric, and many others

[20]. Depending on the nanomaterial used, drugs and therapeutics can be delivered in two ways:

surface-adsorbed or encapsulated [21]. Drug delivery-based NPs are synthesized primarily using

two approaches. These approaches are a top-down method, where the starting materials are in

bulk and broken into fragments, and a bottom-up approach, where small portions of nanomateri-

als are combined to form NPs [22].

1.3—Polymeric NPs Used in Drug Delivery

Polymeric NPs are a subset of NPs synthesized using polymers. NPs can be synthesized using

a wide array of polymers. Frequently used polymers in NPs synthesis are poly(lactic-co-glycolic

acid) (PLGA), dextran, PEG, polyvinyl alcohol (PVA), and PLL [23]. The distinct physicochem-

ical properties associated with each polymer offer unique applications and functionality. Hy-

drophobic and hydrophilic polymer reactions form NPs stabilized through interactions with chang-

ing solvents [24]. Some polymers have overall positive or negative charges. PLL is a cationic

polymer that carries a positive charge due to its protonated primary amine groups at physiological

pH, allowing it to interact with negatively charged molecules. PEG and many other polymers like

PLGA can offer increased protection from proteolytic degradation [25]. Many of these attributes

can be combined through the synthesis of co-polymers.
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Figure 1. Chemical structure of PLL-g-PEG Co-polymer.

For instance, PLL-g-PEG is a co-polymer synthesized by grafting several PEG moieties to

one PLL chain [25]. This co-polymer has the paired benefits of an increased affinity for nega-

tively charged molecules and enhanced protection from proteolytic degradation. Polymeric NPs

are usually synthesized through self-assembly methods, primarily electrostatic and hydropho-

bic/hydrophilic interactions [26][27]. Due to the physicochemical properties associated with each

polymer, polymeric NPs can have crucial advantages over other types of NPs. Once synthesized,

polymeric NPs often demonstrate strong stability. Another impressive advantage is that drugs

and therapeutics can be released in a controlled and stimuli-responsive manner by exploiting cer-

tain physicochemical properties, such as pH or hydrolysis. Despite these advantages, there are a

few drawbacks observed with polymer-based drug delivery. A major limitation is the difficulty

of scaling up synthesis methods to produce large quantities of functional NPs [28]. However, the

considerable benefits of polymeric NPs and their applications to drug delivery outweigh the limi-

tations.
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1.4—Therapeutic Proteins in Cancer Treatments

A significant number of cancer therapies utilize therapeutic protein drugs. These proteins are

an emerging class of cancer therapeutics that presents distinct advantages, such as higher speci-

ficity and potency than small molecule drugs. However, protein drugs are vulnerable to environ-

mental changes and immune responses, impairing their delivery to targeted tissues and organs

[29]. Host immune systems regularly recognize bacterial proteins due to their origin and remove

them from the host. The immunogenicity of therapeutic proteins limits their clinical efficacy and

creates adverse life-threatening effects in patients. Therefore, protein therapies have been limited

to minimally immunogenic proteins [29].

Therapeutic proteins can be broadly applied to various cancers. Protein p53, a well-known

cancer-suppressing therapeutic protein, in the presence of another bacterial protein azurin, ampli-

fies its tumor-suppressing activity by increasing apoptosis and autophagy [30]. Many therapeutic

proteins are regularly utilized, such as MPT63 from Mycobacterium bovis, arginine deiminase

from Mycoplasma arginine, and many different antibodies [31].
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Figure 2. Protein structure of L-ASNase.

L-ASNase is another prominent therapeutic protein. This bacterial protein is specifically used

in the treatment of acute lymphoblastic leukemia (ALL). Its protein structure is illustrated in

Figure 2 [31]. This protein was first identified in 1904 and has become widely used for cancer

treatment [32][33]. This protein is considered to have high efficacy in treating ALL as it signif-

icantly reduces cancer cell production and quickly induces cell apoptosis [33]. This enzyme is

a tetramer at a molecular weight of 140 kDa that has been extensively characterized using both

X-ray crystallography and small-angle X-ray scattering (SAXS) [34][35]. L-ASNase exhibits an

isoelectric point ranging from 4.6 – 5.5, causing a net negative charge at neutral and alkaline pH

conditions [36]. The observed primary function of L-ASNase is the hydrolysis of L-ASN to as-
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partic acid. ALL cells are ASN-dependent and cannot produce L-ASN due to the silencing of the

ASNS gene, requiring an exogenous source. L-ASNase targets this vulnerability by converting

available L-ASN into an unusable form. This is very effective at initiating cell death, and it de-

stroys ASN-dependent tumors by degrading circulating L-ASN [33][37][38]. This treatment is

limited by the short circulating lifetime of L-ASNase at physiological conditions, low stability,

and reduced enzymatic activity at physiological conditions. To address these drawbacks, ongoing

research is focusing on protein surface modifications, combination therapy, and SDDS [39][40].

1.5—Small Molecule Drugs Used in Cancer Therapies

There are many different treatment options for ALL. Molecule drugs are commonly used to

combat advanced forms of cancer. There are numerous different types of drugs regularly used.

The majority of chemotherapeutic drugs currently in use fall into the following categories: small

molecule inhibitors, peptide drugs, and monoclonal antibodies [41]. Small molecule inhibitors

have always shown high promise in cancer treatment. These drug molecules bind to specific pro-

teins, receptors, etc., that prevent certain cellular processes from occurring. This can include gene

expressions, metabolic pathways, and cell signaling [41]. For example, there are inhibitors, such

as imatinib, that specifically target the tyrosine kinase pathway and prevent the uncontrolled pro-

duction of abnormal oncoproteins [42][43]. Another very effective type is topoisomerase II in-

hibitors. During DNA replication, DNA can easily get tangled. Topoisomerase II is an enzyme

that works specifically with DNA. It recognizes specific sequences to create controlled breaks in

the double-helix structure. It then disentangles the DNA and anneals it back together to reform

the correct functional double-helix structure [44]. Topoisomerase II inhibitors work by targeting

this pathway. The protein is able to bind to the DNA structure and create breaks in the helix, but

the inhibitors prevent the protein from annealing the DNA structure [45]. There are many differ-

ent inhibitors, including etoposide, belotecan, pixantrone, and DOX [44].
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Figure 3. Chemical Structure of DOX.

DOX is a highly potent drug regarded as one of the most effective available chemothera-

pies. Its mode of action includes intercalation into DNA and inhibition of topoisomerase II, lead-

ing to changes in chromatin structure and generation of free radicals and oxidative damage to

biomolecules [46]. It is an amphiphilic drug in the anthracycline antibiotic class. Its molecular

structure is comprised of hydrophobic anthraquinone rings and a hydrophilic sugar group, allow-

ing solubility in water and organic solvents. However, it is poorly soluble in salt or buffer solu-

tions, forming a dimer in their presence [47]. The primary amine present in DOX allows for the

formation of conjugates with other molecules and proteins using amine-reactive linkers without

reducing cytotoxicity [48]. Conjugation enables the potential development of advanced drug de-

livery and optimization.

1.6—Co-delivery & Co-encapsulation

Co-delivery is an emerging treatment strategy for cancer. Co-delivery or combination ther-

apy integrates multiple therapies to enhance treatment efficacy. Combining therapies and treat-

ments allows for more targeted, specific cancer-based treatments. For example, combining drugs
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5-fluorouracil (5-FU) and levofolinate shows increased efficacy in the treatment of pancreatic

cancer [49]. Many potential synergistic combinations have yet to be thoroughly investigated or

identified. Co-encapsulation has been proposed as a viable strategy to carry out co-delivery. This

approach involves the simultaneous encapsulation of two therapeutics into a single nanocarrier.

Numerous models of encapsulation have been adapted to this strategy. Liposomes serve as one

of the most widely utilized nanocarriers for co-encapsulation. Daunorubicin and cytarabine are

examples of this, having been successfully co-encapsulated within a liposomal nanocarrier [50].

Despite the potential advantages, co-encapsulation presents significant challenges. Due to drug

compatibility, solubility, and physicochemical properties, combining therapies requires creatively

identifying possible nanocarriers. Nanocarrier design can quickly increase in complexity, requir-

ing multiple layers, modifications of polymers or biomolecules, and intricate synthesis methods

to achieve co-encapsulation. Certain modifications can alter therapy functionality. For example,

multilayered NPs can alter therapies’ stability and physicochemical properties [50]. Following

the successful development and optimization of a nanocarrier model, it can be applied to the co-

encapsulation of other therapeutics, creating broad applicability.

1.7—Evaluation of the Co-encapsulation of DOX and L-ASNase in PLL-g-PEG Co-polymer

NPs

This research aims to evaluate the co-encapsulation of a hydrophilic therapeutic protein, L-

ASNase, and an amphiphilic small molecule cancer drug, DOX. The primary objective of this

project is to achieve successful co-encapsulation of L-ASNase and DOX into a single nanocarrier.

Previous research activities in our lab demonstrated the encapsulation of proteins within PLL-g-

PEG co-polymers without affecting the proteins’ therapeutic activity. As a cationic polymer, PLL

allows for electrostatic interactions with negatively charged biomolecules, including proteins,

therapeutics, or nucleic acids at physiological pH [51][52]. PEG provides protection from pro-

teolytic degradation to the co-polymer when introduced into biological systems, prolonging the

stability of nanocarrier complexes in the circulatory system [53]. L-ASNase is a charged protein
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with a net negative surface charge at physiological conditions.

Figure 4. Surface charge map of L-ASNase. Red regions represent negative surface charges, and
blue regions represent positive surface charges.

Using a previously developed method, co-encapsulation of L-ASNase and DOX within PLL-

g-PEG polymeric NPs was carried out through electrostatic self-assembly, as depicted in Figure

5. DOX present in the surrounding solution is naturally co-encapsulated alongside L-ASNase.
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Figure 5 A schematic diagram of the self-assembly process of L-ASNase and DOX
co-encapsulated NPs.

Integrating these therapies into a single delivery system could potentially enhance anti-tumor

activity. Nanocarriers can be carried through the bloodstream, where red blood cells (RBCs) can

provide prolonged therapeutic delivery due to their extended lifespan. Using RBCs as delivery

vehicles has allowed for more effective drug targeting in blood-specific cancers [54][55]. Synthe-

sized NPs are stabilized through crosslinking with glutaraldehyde (Glu.) or 3,3’-dithiobis(sulfosuccinimidyl

propionate) (DTSSP). Glu., a non-reducible linker, stabilizes NPs for model/experimental ap-

plications. Crosslinking increases nanocarrier stability by preventing uncontrolled therapeutic

release. Crosslinking occurs in free primary amines on the PLL-g-PEG co-polymer and the car-

bonyl groups of Glu. [56].
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Figure 6 Chemical structure of Glu.

DTSSP is a non-toxic reducible crosslinker that functions similarly to Glu. The disulfide bond

between the carbonyl groups in DTSSP is pH-reducible, allowing for the controlled release of the

therapeutic drug from the NPs [57].

Figure 7 Chemical structure of DTSSP.

To prevent the uncontrolled release of DOX and enhance stability in buffered solutions, DOX

was conjugated to BSA, forming BSA-DOX conjugates. BSA is a non-toxic model protein with

a molecular weight of 66.5 kDa and net negative surface charge at physiological pH conditions,

making it an effective candidate for PLL-g-PEG co-polymer encapsulation [58]. BSA possesses

30 – 35 surface lysine residues with primary amines available for conjugation to other molecules

or proteins [59]. A surface charge map of BSA and a surface map of lysine residues on the BSA
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surface are shown in Figures 8 and 9, respectively.

Figure 8 Surface charge map of BSA. Red regions represent negative surface charges, and blue
regions represent positive surface charges.

Figure 9 BSA surface map of lysine residues. Red regions represent negative surface charges, and
blue regions represent positive surface charges.

As previously discussed, DOX contains a primary amine group with the potential for conju-

gation with other molecules [60][61]. This conjugation is achieved by utilizing DTSSP, a pH-

reducible linker, allowing for controlled drug release and stabilization of DOX within the NPs, as
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shown in Figure 10.

Figure 10 A schematic diagram of BSA showing free primary amine groups and some amine
groups functionalized with DTSSP linker and DOX.

The co-encapsulation of BSA-DOX conjugates and L-ASNase followed the same electrostatic

self-assembly method described above, and Figure 11 shows a schematic diagram of the self-

assembly process.
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Figure 11 A schematic diagram of the self-assembly process of L-ASNase and BSA-DOX
conjugates co-encapsulated NPs.
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CHAPTER II

EXPERIMENTAL METHODS

2.1—Materials

PLL•HBr with a molecular weight of 15-30 kDa, L-ASNase, and asparaginase activity assay

kit were purchased from Sigma-Aldrich. Heterobifunctional maleimide-PEG-succinimidyl car-

boxymethyl NHS ester (MAL-PEG-NHS) and methoxy poly-ethylene glycol N-hydroxysuccinimide

(mPEG-NHS) with molecular weights of 5 and 2 kDa, respectively, were purchased from Cre-

ative PEGWorks. DOX HCl, DTSSP, BSA, Glu. (50%), acrylamide/bisacrylamide (37.5:1) and

other polyacrylamide gel casting and running materials were purchased from Thermo Fisher Sci-

entific. The reagents were used without further purification. Ultrapure water with a resistivity of

18.2MΩ was obtained from a Barnstead EASYpure II RF/UV Ultrapure Water System.

2.2—PLL-g-PEG Co-polymer Synthesis

The PLL-g-PEG co-polymer synthesis was carried out according to our previously published

method [51][62]. To produce the co-polymer, the primary amine groups of the PLL backbone

were modified with the succinimidyl ester group on the heterobifunctional PEG to produce PLL-

g-PEG. To prepare PLL-g-PEG, 15 mg of 15-30 kDa PLL•HBr was dissolved in 200 µL of phosphate-

buffered saline (PBS, pH 7.4), and a 50/50 mass ratio mixture of 2 kDa mPEG-NHS (20 mg) and

5 kDa MAL-PEG-NHS (20 mg) solids were added to the dissolved PLL. The mixture was al-

lowed to react for 1 h before being washed three times with a 50/50 (v/v) mixture of PBS and

ethanol and a final wash with pure ethanol in a 10 kDa centrifugal concentrator at 11,337 rcf. Af-

ter the washing steps, the copolymer was air dried manually using an air valve before being used

or stored at -20°C.
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2.3—Proton Nuclear Magnetic Resonance Spectroscopy (1H NMR) Analysis of PLL-g-PEG

polymers

PLL-g-PEG copolymers (5 mg) were dissolved in 750 µL of deuterium oxide (D2O) solvent

and analyzed using Bruker 400 MHz NMR with a 5-mm tunable probe for 1H NMR. This was

done to confirm the grafting of PEG onto PLL using 1H NMR spectroscopy.

Grafting Ratio =
Integration of -CH2CH2O- PEG Peak/ # of H in -CH2CH2O- of PEG

Integration of -CH- PLL Peak/ # of H in -CH- of PLL
Equation 1

2.4—ATR-FTIR Analysis of Co-polymer and BSA-DOX Conjugates

ATR-FTIR was performed on the PLL-g-PEG co-polymers, DOX, DTSSP, BSA, and BSA-

DOX, to confirm their functionalities. A few milligrams of each sample were analyzed using a

Thermo iS10 FT-IR Centarus Microscope with 128 scans performed at a resolution of 4 cm−1.

2.5—NP Synthesis Methods

Three different types of NPs were synthesized: (1) L-ASNase NPs, (2) L-ASNase/DOX NPs,

and (3) L-ASNase/BSA-DOX NPs. NPs were synthesized using the method described below.

Modifications were made in the original procedure as needed for co-encapsulation of L-ASNase

and DOX.

To synthesize L-ASNase NPs, a L-ASNase stock solution of 1 mg/mL was prepared by taking

0.500 (±0.001) mg of L-ASNase and dissolving in 0.50 mL of PBS. Samples of L-ASNase were

encapsulated using PLL-g-PEG (15-30 kDa), with a co-polymer to protein mass ratio of 7:1. L-

ASNase was dissolved in PBS to a concentration of 0.266 mg/mL and maleimide functionalized

g-PEG copolymer was dissolved in PBS at a concentration of 6 mg/mL. The copolymer (7.5 µL)

was then added to the L-ASNase solution (25 µL) dropwise while gently vortexing, followed by

incubation of the mixture for 1 hour at room temperature. To stabilize the polyion complexes

formed between the negatively charged L-ASNase and positively charged PLL-g-PEG, the free
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amino groups within the particles were cross-linked with 5 µL of Glu. solution (0.025% in PBS)

or 5 µL of DTSSP (0.025% in PBS) and incubated for another 3 hours at room temperature.

To synthesize L-ASNase and DOX co-encapsulated NPs, the original synthesis method de-

scribed above was slightly modified by combining 12.5 µL of 0.266 mg/mL L-ASNase and 12.5

µL of 0.266 mg/mL DOX before adding 7.5 µL of the 6 mg/mL co-polymer solution. To syn-

thesize L-ASNase and BSA-DOX co-encapsulated NPs, DOX was conjugated to BSA using a

disulfide linker, DTSSP, as described in section 3.5 below. The original NP synthesis method de-

scribed above was slightly modified by combining 12.5 µL of 0.266 mg/mL L-ASNase and 12.5

µL of 0.266 mg/mL BSA-DOX before adding 7.5 µL of the 6 mg/mL co-polymer solution.

2.6—Chemical Conjugation of DOX to BSA using DTSSP Linker

A 1.0 mg/mL DOX solution was prepared by dissolving 1.000 (±0.001) mg of DOX in 1.00

mL of PBS (pH 8.4). This solution was centrifuged at 11,337 rcf for 5 minutes. The supernatant

was poured off, and the remaining precipitate was dissolved in 1.00 mL of Dimethyl Sulfox-

ide (DMSO). 2.500 (±0.001) mg of BSA was dissolved in 1.00 mL of PBS (pH 6.0) to prepare

a 2.5 mg/mL BSA solution. A 0.8 mg/mL DTSSP solution was prepared by dissolving 80.000

(±0.001) mg of DTSSP in 1.00 mL of PBS (pH 6.0). The chemical conjugation was carried out

by combining 250 µL samples of DOX and BSA, followed by the dropwise addition of DTSSP

(250 µL) while vortexing. To the resulting mixture, 0.3 L of triethylamine was added dropwise

while vortexing. The solution was incubated for 30 minutes at room temperature, followed by

washing 4 times in a 50 kDa centrifugal concentrator at 11,337 rcf for 5 minutes with 66:33

DMSO: PBS solution. The conjugated BSA-DOX was stored in the refrigerator at 4 °C overnight

before use.

2.7—UV-Vis and FTIR Analysis of Conjugated BSA-DOX

UV-Visspectroscopic analysis was carried out on DOX, BSA, and BSA-DOX in an Agilent

Cary 5000 UV-vis-NIR. The blank consisted of 66:33 PBS (pH 6): DMSO. Samples were run in

triplicate.
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Infrared Spectroscopy was performed on DOX, BSA, and BSA-DOX using a Thermo Nicolet

iS10 FT-IR/Centarus Microscope with 128 scans performed at a resolution of 4.

2.8—Physicochemical Characterization of NPs

The size distribution of all NP samples (100 µL) was determined using DLS on a Malvern

Zetasizer ZS Particle Size Analyzer equipped with a 4 mW 632.8 nm laser. All the measurements

were done at 25 °C and using a Brand Tech Scientific ZEN0040 70 µL Ultra- Micro disposable

cuvette with stopper. DLS experiments were run directly after synthesis.

The ζ-potential of NP samples was determined directly after synthesis using phase analysis

light scattering (PALS) using a DTS1070 cell.

2.9—SDS-PAGE Gel Retardation Assay

The extent of L-ASNase and BSA-DOX encapsulation in NPs was determined by a gel re-

tardation assay. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels

(12%) were hand cast and loaded with either NP samples or control of non-encapsulated L-ASNase

and BSA proteins. NPs were run at 180 V under non-reducing conditions using a BIO-RAD

Mini-PROTEAN® Tetra Cell apparatus until the dye front reached the bottom of the gel. The

SDS-PAGE gels were stained with Coomassie G-250 before imaging using a gel imager.

2.10—STEM Analysis of NPs

The size and morphology of the NPs were analyzed using STEM. NP samples were diluted

by 1500x with ultrapure water. NP samples (10 µL) was deposited onto Lacey/Formvar Carbon

200 mesh copper grids using a drop-casting method and allowed to air-dry at room temperature

overnight. The sample was then negatively stained with 10 µL of 1% phosphotungstic acid (pH

7.4) for one minute, and the excess stain was wicked off the grid using filter paper. The samples

were allowed to dry overnight before observation using a Thermo Fisher Apreo 2 SEM equipped

with a TEM detector. A voltage of 30 kV and a current of 50 pA was used for analysis. Distribu-

tion profiles were developed using captured STEM images. The polydispersity index (PDI) was

determined using Equation 2.
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PDI =
(

St. Dev.
Mean NPs Size

)2

Equation 2

2.11—Determination of L-ASNase Activity of NPs

An asparaginase activity assay kit from Sigma-Aldrich was used to evaluate the activity of

encapsulated L-ASNase in all types of NPs. Asparaginase activity was calculated by measuring

the amount of aspartate generated in a coupled enzymatic reaction using colorimetric detection.

A series of aspartate standard solutions were used as calibration standards. An aspartate stan-

dard solution of 1 mM was prepared using the 100 mM stock solution provided in the assay kit.

Volumes of 0, 2, 4, 6, 8, and 10 µL of the 1 mM aspartate standard solution were added into a

96-well plate to generate 0 (blank), 2, 4, 6, 8, and 10 nmoles/well standards. An aliquot of as-

paraginase assay buffer was added to each well to bring the total volume of each well to 50 µL.

A 50 µL aliquot of NP sample was used for the assay reaction. For the positive control, 5 µL of

asparaginase assay positive control was used, and the final volume was adjusted to 50 µL with

water. A total of 50 µL aliquot of assay reaction mix was added to each standard, sample, and

positive control according to Table 1 below to bring the final volume of each well to 100 µL be-

fore analysis.
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Table 1. Assay reaction mixes.

Reagent Samples and

Standards/µL

Sample Blank/µL

Asparaginase Assay

Buffer

40 42

Substrate Mix 4 4

Aspartate Enzyme Mix 2 0

Conversion Mix 2 2

Fluorescent Peroxidase

Substrate

2 2

The 96-well plate was then analyzed using a SpectraMax iD5 multimode plate reader at a

wavelength of 570 nm.

2.12—Quantification of DOX in Co-encapsulated NPs

Seven DOX standards were prepared using serial dilution method ranging from 0-0.2 mg/mL

and labeled A – G, with standard A and G being 0.20 and 0 mg/mL, respectively. Samples were

washed to remove unencapsulated DOX in a 100 kDa centrifugal concentrator at 11,337 rcf. 100

µL of 10 mM of glutathione (GSH) was added to 200 µL of each sample. Samples were incu-

bated 24 hrs at room temperature after GSH addition. A 100 µL sample of each DOX standard,

L-ASNase NPs, and L-ASNase/DOX NPs were added in triplicate to a 96-well plate. A Spec-

traMax iD5 multimode microplate reader was used to record absorbance at 482 nm. A calibra-

tion curve prepared using the DOX standards was used to calculate the DOX concentration and

amount (in mg) present in L-ASNase/DOX NPs. L-ASNase/BSA-DOX NPs were incubated in

PBS (pH 3) for 24 hrs. to trigger the release of DOX from BSA-DOX conjugates before measur-
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ing the absorbance at 482 nm.

The DOX encapsulation efficiency was calculated using Equation 3, given below.

Encapsulation Efficiency =
Amount of DOX NPs (mg)

Total Amount of DOX added (mg)
∗ 100 Equation 3

2.13—High-Performance Liquid Chromatography (HPLC) Analysis

L-ASNase/DOX NPs and L-ASNase/BSA-DOX NPs were washed three times using 100

kDa centrifugal concentrators at 11,337 rcf, and the solvent was collected for analysis. A 0.0885

mg/mL DOX standard was prepared with PBS (pH 7.4) and DMSO. An isocratic HPLC method

was utilized in the analysis of DOX present in solvent. The method was carried out using an Ag-

ilent Technologies 1220 Infinity LC equipped with a Merck C18 (4.6 mm x 100 mm) column

and UV detector. A 1.0 mL/min flow rate was used, while UV detection was set at 233 nm. The

mobile phase consisted of water:acetonitrile (30:70) and was adjusted to a pH of 3 using 85%

phosphoric acid.
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CHAPTER III

RESULTS AND DISCUSSION

This study aimed to co-encapsulate L-ASNase and DOX into a PLL-g-PEG co-polymer

nanocarrier for efficient drug delivery. The co-encapsulation of a small molecule drug and a pro-

tein presents unique challenges due to different physicochemical characteristics, such as solubil-

ity and size. Previous research has demonstrated the successful encapsulation of L-ASNase in

PLL-g-PEG co-polymers [52]. To the best of our knowledge, no prior studies have reported the

encapsulation of DOX in PLL-g-PEG polymeric NPs.

Our initial hypothesis proposed that free DOX in the surrounding solution would co-encapsulate

alongside L-ASNase during the self-assembly of NPs with the PLL-g-PEG co-polymer. However,

due to its small size and the NP matrix, DOX undergoes premature and uncontrolled release from

NPs into the surrounding solution as supported by our HPLC analysis. To avoid premature and

uncontrolled release, we modified our approach to conjugate DOX on a protein before encap-

sulation. In our previous studies, BSA has served as a model protein to develop self-assembled

NPs using PLL-g-PEG. Therefore, the conjugation of DOX on BSA has been utilized to stabi-

lize DOX inside NPs and mitigate uncontrolled release. These BSA-DOX conjugates were then

co-encapsulated along with L-ASNase. Thus, BSA-DOX conjugates and L-ASNase were able to

self-assemble with PLL-g-PEG to successfully co-encapsulate both L-ASNase and DOX to form

NPs.

3.1—Characterization of PLL-g-PEG Co-polymer using 1H NMR Spectroscopy

The PLL-g-PEG co-polymers were synthesized using 15-30 kDa PLL, 2 kDa mPEG NHS,

and 5 kDa MAL-PEG-NHS. The starting materials and the co-polymer were characterized using

1H NMR spectroscopy to confirm successful co-polymer synthesis. Figure 12 shows the molecu-

lar structure of PLL-g-PEG.
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Figure 12 Molecular structure of PLL-g-PEG. a (-CHC(O)NH-), b (–OCH2CH2–), c
(–OCH2C(O)NH–,), d (–CH2NHC(O)CH2–).

Figures 13, 14, and 15 show 1H NMR spectra of PEG, PLL, and PLL-g-PEG, respectively.

The strong peak 3.6 – 3.7 ppm arises from the protons of the PEG repeating unit (strong, –OCH2CH2–,

b) [63], which is clearly visible in Figures 13 and 15. The peak 4.2 – 4.3 ppm (medium,-CHC(O)NH–,

a) corresponds to the proton on the lysine backbone in PLL and is observed in both Figures 14

and 15. The peak 2.5 ppm (medium, –OCH2C(O)NH–, c) confirms the PEG-lysine linkage. The

peak 3.4 ppm (medium, –CH2NHC(O)CH2–, d) represents the other side of the PEG-lysine link-

age [63][64]. These peaks confirm the PEG grafting onto PLL compared to the individual PLL

and PEG spectra.

The grafting ratio of each PLL-g-PEG was determined using 1H NMR. Each grafting ratio is

an approximation as a distribution of PLL molecular weights was used to synthesize the grafted
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copolymer. The grafting ratio, or PEG chains per PLL chain, was determined by integrating the

PLL and PEG peaks at 4.3 ppm and 3.7 ppm, respectively. A summary of the copolymers pro-

duced is shown in Table 2.

Figure 13 1H NMR spectrum of PEG in D2O. b (–OCH2CH2–), 3.64 ppm.
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Figure 14 1H NMR spectrum of PLL in D2O. a (-CHC(O)NH-)), 4.27 ppm.
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Figure 15 1H NMR spectrum of PLL-g-PEG in D2O. a (-CHC(O)NH-)), 4.27 ppm; b
(–OCH2CH2–), 3.64 ppm.
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Table 2. Determination of grafting ratios for PLL-g-PEG co-polymers.

Co-polymer Sample Integration of PLL

-CH- Peak

Integration of PEG

-CH2CH2O- Peak

Calculated Grafting

Ratio

PLL-g-PEG 1 1.000 36.5950 17.71

PLL-g-PEG 2 1.000 27.3507 13.23

PLL-g-PEG 3 1.000 26.2660 12.71

PLL-g-PEG 4 1.000 21.7139 10.51

3.2—Characterization of PLL-g-PEG Co-polymer using ATR-FTIR Spectroscopy

ATR-FTIR was utilized to further validate the successful synthesis of PLL-g-PEG co-polymers.

Distinct peaks at approximately 2900 and 1600 cm−1 in the PLL spectrum correspond to -NH-

stretching and -NH- bending vibration characteristics of PLL, respectively [65]. The PEG spectra

exhibit two well-defined peaks at approximately 2800 cm−1 and 1050 cm−1. These peaks are as-

sociated with -CH- stretching and -COC- vibration, respectively [66]. The co-polymer spectrum

displays strong characteristic PEG -CH- and -COC- functional group peaks. The peak associated

with -NH- bending vibrations in PLL is diminished significantly. Many free primary amines are

converted to amides, potentially causing a decrease in peak intensity [67]. This decrease could

be attributed to the grafting ratio, where numerous PEG units are attached to each PLL unit, re-

sulting in reduced peak intensities associated with PLL due to increased shielding from PEG.

The presence of characteristic peaks from both PLL and PEG spectra in the PLL-g-PEG spec-

trum confirms successful co-polymer synthesis. The attenuation of the PLL peak intensity in the

co-polymer spectrum provides additional support for a grafting ratio with multiple PEG units at-

tached to each PLL unit.
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Figure 16 ATR-FT-IR spectra of 15 – 30 kDa PLL, 2 kDa, PEG, 5 kDa PEG, and PLL-g-PEG
co-polymer 4. PLL, -NH- stretching, 2929 cm−1, -NH- bending, 1646 cm−1; 2 kDa PEG, -CH-
stretching, 2857 cm−1, -COC- vibration, 1060 cm−1; 5 kDa PEG, -CH- stretching, 2858 cm−1,
-COC- vibration, 1059 cm−1; PLL-g-PEG, -CH- stretching, 2875 cm−1, -NH- bending, -COC-
vibration, 1622 cm−1, 1097 cm−1.

3.3—Confirmation of BSA-DOX Conjugation using UV-Vis and ATR-FTIR spectroscopies

UV-Vis spectroscopy was employed to verify the successful conjugation of DOX to primary

amine groups present on the lysine residues located on the surface of BSA. Successful conju-
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gation is confirmed by a redshift in the maximum absorbance of the DOX spectrum, shifting

from 482 nm to approximately 500 nm [53]. This redshift could be the result of multiple factors.

The primary amine can react with the carbonyl to form a double bond, resulting in a Schiff base

[68]. Conjugating DOX to BSA also changes the environment around DOX, causing different in-

termolecular interactions, such as increased or decreased hydrogen bonding [69]. It could also

change the electrostatic interactions present in the molecule, altering its ground energy state [70].

The characteristic protein absorbance peak for BSA at 280 nm has also affected upon function-

alization with multiple DOX molecules, with a corresponding redshift observed in its spectrum,

shifting the maximum absorbance of 280 nm to approximately 290 nm. This is evident in the

BSA-DOX conjugates spectrum, shown above. However, the broad curves observed in the spec-

trum suggest BSA proteins with low DOX conjugation and unattached DOX molecules. These

redshifts suggest the successful conjugation of DOX to the surface of BSA through the reducible

linker DTSSP.
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Figure 17 UV-Vis spectra of 0.625 mg/mL BSA, 0.019 mg/mL DOX, and BSA-DOX conjugates.
BSA, maximum absorbance, 280 nm; DOX, maximum absorbance, 482 nm; BSA-DOX,
maximum absorbances, 296 nm and 496 nm.
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FTIR spectra were evaluated for DOX, BSA, DTSSP, and the BSA-DOX conjugates to con-

firm the synthesis of BSA-DOX conjugates. The BSA spectrum exhibits three prominent peaks

at approximately 3280 cm−1, 1650 cm−1, and 1520 cm−1 that are associated with -OH stretching

vibrations, -C=O- vibrational modes, and -NH- bending vibrations, respectively [71]. The peak

1650 cm−1 in the DTSSP spectrum is attributable to -C=O- vibrations. The DOX spectrum shows

two principal peaks at approximately 2980 cm−1 and 1060 cm−1, which overlap with correspond-

ing peaks in the DTSSP spectrum. The peak 1060 cm−1 is attributed to -CO- vibrations, whereas

the peak 2980 cm−1 corresponds to -CH- stretching vibrations [71][73]. These peaks are also

evident in the BSA-DOX conjugates spectrum. However, the substantial overlap between them

makes it difficult to determine from which material each peak is originating. But the presence of

peaks 1060, 1518, 1645, 2988, and 3290 cm−1, which are originating from the starting materials,

suggest a successful conjugation.
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Figure 18 ATR-FT-IR spectra of BSA, DTSSP, DOX, and BSA-DOX conjugates. BSA, -OH-
stretching, 3289 cm−1, -C=O- vibrational modes, 1645 cm−1, -NH- bending vibrations, 1526
cm−1; DOX, -CH- stretching, 2988 cm−1, -CO- vibrations, 1060 cm−1; DTSSP, -CH- stretching,
2988 cm−1, -C=O- vibrational modes, 1670 cm−1, -CO- vibrations, 1065 cm−1; BSA-DOX,
-OH- stretching, 3290 cm−1, -C=O- vibrational modes, 1645 cm−1, -NH- bending, 1518 cm−1,
-CO- vibrations, 1066 cm−1.
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3.4—Evaluation of BSA-DOX Conjugation using SDS-PAGE

SDS-PAGE was utilized to assess the impact of DOX conjugation on BSA. Figure 19 shows

that free BSA (0.266 mg/mL) migrates to approximately 55 kDa in lane 3. Lane 4 shows DOX,

which is not detectable as anticipated on a PAGE gel because coomassie blue would be unlikely

to bind this molecule, and it has a very small size that would most likely run off the gel. Lanes

5–8 display four independently synthesized samples diluted to 0.266 mg/mL of BSA-DOX con-

jugates. BSA-DOX conjugates showed broader bands 55 kDa with light smearing. BSA appears

to be bleeding over into lane 4. The smearing and band observed in lane 4 appears to indicate

that this gel was overloaded. In future gels, lower concentrations of BSA and BSA-DOX conju-

gates will be needed for accurate evaluation of DOX conjugation. Light bands appear in lanes 5

- 8 around approximately 38 - 40 kDa. DOX conjugation could have potentially disrupted BSA

stability in a small number of proteins, causing light bands to appear at a lower molecular weight.

This data does suggest that the conjugation of DOX slightly affected the mobility of BSA on the

gel.
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Figure 19 SDS-PAGE (12%) gel of BSA-DOX conjugates. Lane 2: Molecular Weight Ladder,
Lane 3: 0.266 mg/mL free BSA, Lane 4: 0.266 mg/mL free DOX, Lane 5: 0.266 mg/mL
BSA-DOX 1, Lane 6: 0.266 mg/mL BSA-DOX 2, Lane 7: 0.266 mg/mL BSA-DOX 3, Lane 8:
0.266 mg/mL BSA-DOX 4.

3.5—Synthesis of L-ASNase, L-ASNase/DOX, and L-ASNase/BSA-DOX NPs

Three different types of NPs were synthesized using L-ASNase and DOX. Co-encapsulations

were done using L-ASNase/DOX and L-ASNase/BSA-DOX to synthesize two different types
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of NPs. In all three types of NPs the proteins/DOX were encapsulated within PLL-g-PEG co-

polymers to achieve NPs through electrostatic interactions. The isoelectric points of L-ASNase

from E. coli and BSA are pH 4.6 - 5.5 and pH 5, respectively [36][58]. Hence, at a pH of 7.4,

both L-ASNase and BSA carry a net negative charge density on the surface of these proteins.

Positive charges on the PLL backbone play a key role in the formation of NPs by electrostati-

cally interacting with these negatively charged protein molecules. Figure 20 shows a schematic

diagram of the synthesis of L-ASNase/BSA-DOX encapsulated PLL-g-PEG NPs.

Figure 20 A schematic diagram of synthesis of L-ASNase/BSA-DOX encapsulated PLL-g-PEG
NPs.

Following protein encapsulation, NPs were crosslinked with Glu. and/or DTSSP. The crosslink-

ing reaction occurs between free primary amine groups left on the co-polymer chains and the spe-

cific functional groups of the linker molecules. In Glu. crosslinking, the two carbonyl groups on

Glu. react with primary amines to form what’s commonly known as a ‘Schiff’ base [74][75]. In

DTSSP crosslinking, the two NHS ester groups on DTSSP react with primary amines to form am

amide bond [61]. Glu. and DTSSP crosslinks help retain the encapsulated proteins within the NP

complex.
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3.6—Physicochemical Characterization of NPs

DLS was used to evaluate the average hydrodynamic diameter and PDI. The DLS technique

measures time-dependent fluctuations of light intensity signal scattered by particles undergoing

Brownian motion in a suspension. The autocorrelation function (ACF) of the scattering intensity

for monodisperse particles decays exponentially with a decay rate that is proportional to the dif-

fusion coefficient of the particle motion, which, in turn, is related to the hydrodynamic particle

diameter, via the Stokes-Einstein relation [76][77]. NPs are typically described as particles in the

size range of 1 to 1,000 nm. Another crucial measurement provided by DLS is the PDI. The PDI

provides information into the breadth of the size distribution of particles within a solution, such

as the variability of particle sizes. The PDI ranges from 0.1 to 1, with values closer to 0.1 indicat-

ing a narrow size distribution with low size variability. Conversely, values approaching 1 reflect a

broader size distribution with high size variability. We aim to synthesize NPs with an optimal size

range of approximately 100 nm and PDI values closer to 0.1. As stated in our experimental chap-

ter, two types of co-encapsulated NPs were synthesized. The first type co-encapsulated free DOX

and L-ASNase, while the second type co-encapsulated BSA-DOX conjugates and L-ASNase.

These NPs were crosslinked with Glu. and DTSSP crosslinkers. DLS measurements were done

on each set of NPs in triplicate samples. The Z-average hydrodynamic diameters for each type

of co-encapsulated NPs are provided in Table 3. Figure 21 illustrates the average hydrodynamic

diameter for each type of co-encapsulated NPs, along with the respective linker. A significant

difference in the average hydrodynamic diameter was observed between /L-ASNase/DOX co-

encapsulated NPs and L-ASNase/BSA-DOX NPs. Specifically, free L-ASNase/DOX NPs ex-

hibited average hydrodynamic diameters of 415.3 ± 344.8 nm, whereas L-ASNase/BSA-DOX

NPs showed 84.8 ± 48.0 nm. This finding indicates that co-encapsulation with free DOX results

in substantially larger NPs, whereas incorporating BSA-DOX conjugates allows for the synthe-

sis of smaller NPs. A corresponding difference in the mean PDI was also observed, as shown

in Figure 22. The average PDI was approximately 0.689 ± 0.002 for L-ASNase/DOX NPs and
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0.321 ± 0.001 for L-ASNase/BSA-DOX NPs, indicating that using BSA-DOX conjugates re-

duces the size variability of the produced NPs. Since free DOX possesses a neutral charge, it does

not contribute to the self-assembly of NPs. High concentrations of free DOX may disrupt close

interactions between L-ASNase and co-polymer, promoting the formation of larger NPs. How-

ever, the negative surface charge of BSA allows BSA-DOX conjugates to effectively participate

in NP self-assembly alongside L-ASNase without compromising the interactions essential for

L-ASNase co-encapsulation.

Figure 21 Distribution profile of average hydrodynamic diameters of L-ASNase/DOX NPs and
L-ASNase/BSA-DOX NPs. L-ASNase/DOX Glu. NPs, z-avg., 394.5 ± 339.2 nm;
L-ASNase/DOX DTSSP NPs, z-avg., 404.6 ± 320.4 nm; Average L-ASNase/DOX NPs, z-avg.,
415.3 ± 344.8 nm; L-ASNase/BSA-DOX Glu. NPs, z-avg., 88.3 ± 53.8 nm;
L-ASNase/BSA-DOX DTSSP NPs, z-avg., 81.2 ± 42.3 nm; Average L-ASNase/BSA-DOX NPs,
z-avg., 84.8 ± 48.0 nm.
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Table 3. Hydrodynamic diameter and PDI for NPs.

NPs Description Average Hydrodynamic
Diameter (d.nm)

Average PDI

L-ASNase/DOX Glu. NPs 1 426.0 ± 369.3 0.751 ± 0.008
L-ASNase/DOX Glu. NPs 2 414.4 ± 363.9 0.771 ± 0.008
L-ASNase/DOX Glu. NPs 3 343.2 ± 286.1 0.695 ± 0.008
Average L-ASNase/DOX
Glu. NPs

394.5 ± 339.2 0.739 ± 0.001

L-ASNase/DOX DTSSP NPs
1

443.7 ± 344.1 0.602 ± 0.008

L-ASNase/DOX DTSSP NPs
2

373.2 ± 279.3 0.560 ± 0.003

L-ASNase/DOX DTSSP NPs
3

396.9 ± 336.8 0.720 ± 0.015

Average L-ASNase/DOX
DTSSP NPs

404.6 ± 320.4 0.627 ± 0.003

L-ASNase/BSA-DOX Glu.
NPs 1

73.0 ± 45.7 0.392 ± 0.003

L-ASNase/BSA-DOX Glu.
NPs 2

94.7 ± 56.9 0.3615 ± 0.003

L-ASNase/BSA-DOX Glu.
NPs 3

97.3 ± 58.4 0.361 ± 0.004

Average
L-ASNase/BSA-DOX Glu.
NPs

88.3 ± 53.8 0.371 ± 0.001

L-ASNase/BSA-DOX
DTSSP NPs 1

104.1 ± 52.9 0.258 ± 0.007

L-ASNase/BSA-DOX
DTSSP NPs 2

77.5 ± 41.4 0.286 ± 0.001

L-ASNase/BSA-DOX
DTSSP NPs 3

62.0 ± 32.1 0.268 ± 0.005

Average
L-ASNase/BSA-DOX
DTSSP NPs

81.2 ± 42.3 0.271 ± 0.001

Overall Average
L-ASNase/DOX NPs
(irrespective of the
crosslinker used)

415.3 ± 344.8 0.689 ± 0.002

Overall Average
L-ASNase/BSA-DOX NPs
(irrespective of the
crosslinker used)

84.8 ± 48.0 0.321 ± 0.001
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Figure 22 PDIs of L-ASNase/DOX NPs and L-ASNase/BSA-DOX NPs. L-ASNase/DOX Glu.
NPs, z-avg., 0.739 ± 0.001; L-ASNase/DOX DTSSP NPs, z-avg., 0.627 ± 0.003; Average
L-ASNase/DOX NPs, z-avg., 0.689 ± 0.002; L-ASNase/BSA-DOX Glu. NPs, z-avg., 0.371 ±
0.001; L-ASNase/BSA-DOX DTSSP NPs, z-avg., 0.271 ± 0.001; Average L-ASNase/BSA-DOX
NPs, z-avg., 0.321 ± 0.001.

Zeta potential describes the potential difference between the dispersion solvent (slipping

plane) and the stationary layer of fluid at the particle surface (stern layer), as illustrated by Figure

23, thereby reflecting the overall surface charge of particles in solution [78]. PALS is a technique

used to measure zeta potential by applying an electric field to a particle suspension and analyz-
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ing the resultant Doppler shift in the scattered light determined through the Gaussian interactions

[78]. These frequency shifts are compared against a reference beam to calculate the average zeta

potential of the particles.
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Figure 23 Zeta potential diagram. This illustrates the slipping plane and stern layer used to
determine the zeta potential. In this example, the NP is negatively charged and tightly surrounded
by positive ions (yellow), with negative ions (blue) more dispersed.
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Table 4. Zeta potential (mV) of NPs.

NPs Description Average Zeta Potential (mV)

L-ASNase/DOX Glu. NPs 1 5.96 ± 0.933

L-ASNase/DOX Glu. NPs 2 5.21 ± 0.501

L-ASNase/DOX Glu. NPs 3 6.85 ± 0.655

Average L-ASNase/DOX Glu. NPs 6.01 ± 0.022

L-ASNase/DOX DTSSP NPs 1 8.01 ± 1.330

L-ASNase/DOX DTSSP NPs 2 8.15 ± 0.734

L-ASNase/DOX DTSSP NPs 3 8.26 ± 0.452

Average L-ASNase/DOX DTSSP NPs 8.14 ± 0.033

L-ASNase/BSA-DOX Glu. NPs 1 6.04 ± 0.420

L-ASNase/BSA-DOX Glu. NPs 2 3.03 ± 0.313

L-ASNase/BSA-DOX Glu. NPs 3 2.77 ± 0.290

Average L-ASNase/BSA-DOX Glu. NPs 3.95 ± 0.049

L-ASNase/BSA-DOX DTSSP NPs 1 0.843 ± 0.746

L-ASNase/BSA-DOX DTSSP NPs 2 3.47 ± 0.739

L-ASNase/BSA-DOX DTSSP NPs 3 1.34 ± 0.753

Average L-ASNase/BSA-DOX DTSSP NPs 1.88 ± 0.038

Overall Average L-ASNase/DOX NPs

(irrespective of the crosslinker used)

7.07 ± 0.021

Overall Average L-ASNase/BSA-DOX NPs

(irrespective of the crosslinker used)

2.92 ± 0.020
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The average zeta potential was measured for each set of NPs. Table 4 lists the measured zeta

potential for all sets of NPs. Figure 24 presents a comparison of the overall average zeta poten-

tial of L-ASNase/DOX NPs and L-ASNase/BSA-DOX NPs. L-ASNase/DOX NPs exhibited an

average zeta potential of 7.07 mV ± 0.02, significantly higher than the 2.92 mV ± 0.02 observed

for L-ASNase/BSA-DOX NPs. This may be caused by the differences in encapsulated protein

concentrations. The L-ASNase/DOX NPs incorporate a single type of negatively charged protein,

whereas the L-ASNase/BSA-DOX NPs have a higher concentration of negatively charged pro-

teins due to BSA. BSA is also a smaller protein than L-ASNase, meaning it could pack tighter or

move closer to the surface of the co-polymer matrix. Furthermore, the observed net positive sur-

face charge of L-ASNase/BSA-DOX NPs suggests that a greater proportion of negatively charged

proteins are sequestered within the NP core, while the surface contains primarily cationic co-

polymer, causing a net positive surface charge and zeta potential.
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Figure 24 Average zeta potentials of L-ASNase/DOX NPs and L-ASNase/BSA-DOX NPs. Red
represents L-ASNase/DOX NPs, and purple represents L-ASNase/BSA-DOX NPs. Average
L-ASNase/DOX NPs, zeta potential, 7.07 ± 0.02 mV; Average L-ASNase/BSA-DOX NPs, zeta
potential, 2.92 ± 0.02 mV.

3.7—Scanning-Transmission Electron Microscopy (STEM) NPs

STEM was utilized to obtain a comprehensive distribution profile of L-ASNase/DOX NPs

and L-ASNase/BSA-DOX NPs. This technique involves focusing an electron beam into a nar-

row spot at a reduced voltage, which, when directed at a thin sample, enhances electron scattering

cross-sections [79]. This method is particularly advantageous for samples lacking heavy atoms
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because it shows enhanced contrast for materials composed of low atomic number elements. Fig-

ure 25 shows STEM images of both,L-ASNase/DOX NPs and L-ASNase/BSA-DOX NPs. Using

the STEM images along with the software ImageJ, NP sizes were measured individually, and

distribution profiles were developed for both types of NPs. Figure 26 displays a broad size dis-

tribution ranging from 0 to 450 nm. The highest frequency of NPs is shown to be between 50 –

100 nm. However, there is a larger variability in sizes, with each group from 0 – 200 nm showing

higher frequencies. This suggested that the L-ASNase/DOX NPs are not consistently formed in

one set range but primarily fall around sizes close to 100 nm. This size is much smaller than the

DLS data. This is most likely due to a combination of swelling and centrifugation. These samples

were heavily centrifuged for STEM to ensure that large aggregates did not disrupt NP visibility.

In contrast, the distribution profile in Figure 27 for L-ASNase/BSA-DOX NPs is narrower. A

pronounced frequency within the 50 – 100 nm range for L-ASNase/BSA-DOX NPs indicates that

the majority of NPs synthesized fall within this optimal range. This analysis is almost identical to

the DLS data obtained for the same samples. This further supports that BSA-DOX conjugates are

more effective at facilitating the formation of self-assembly NPs.
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Figure 25 STEM images of L-ASNase/DOX NPs (Left) and L-ASNase/BSA-DOX NPs (Right).
A voltage of 30 kV and current of 50 pA were used.
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Figure 26 STEM distribution profile of L-ASNase/DOX NPs L-ASNase/DOX NPs, mean
diameter, 125.48 ± 78.58 nm. The distribution profile extends from 0 to 450 nm and was
developed with 140 individually measured NPs.
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Figure 27 STEM distribution profile of L-ASNase/BSA-DOX NPs. L-ASNase/BSA-DOX NPs,
mean diameter, 77.59 ± 40.94 nm. The distribution profile extends from 0 to 300 nm and was
developed with 150 individually measured NPs.

3.8—Evaluation of Protein Encapsulation by SDS-PAGE

An SDS-PAGE (12%) gel retardation assay was used to evaluate L-ASNase protein encap-

sulation. This technique is a highly effective method for the separation of proteins and complex

mixtures. The assay denatures proteins both on the NP surface and in solution, allowing unencap-

sulated proteins to migrate through the gel and appear at positions corresponding to their molec-

ular weights [80]. Figures 28-31 display samples of L-ASNase/DOX Glu. NPs, L-ASNase/DOX
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DTSSP NPs, L-ASNase/BSA-DOX Glu. NPs and L-ASNase/BSA-DOX DTSSP NPs, respec-

tively. A clearly defined molecular weight ladder is visible in lane 2 of Figures 27-30 with molec-

ular weight bands of 250, 130, 100, 70, 55, 35, 25, and 10 kDa.

L-ASNase has four identical monomers associated into a tetrameric structure that can more

accurately be described as a dimer of dimers with a molecular mass of approximately 120 to 160

kDa possessing antitumor activity. The molecular weight of the L-ASNase is found to vary ac-

cording to the source of the enzyme. The functional L-ASNase from E. coli is a homotetramer

with a molecular weight of about 142 kDa [81][82][83]. In our laboratory conditions, the L-

ASNase Native PAGE gel band ran smaller than expected and appeared closer to 120 kDa [52].

However, in SDS-PAGE, L-ASNase shows subunits around 30-40 kDa. This is evident in lane

3 of all the gel images shown in Figures 28-31. The migration of NP samples in lanes 5-8 was

mostly hindered. NPs are expected to run through the gel due to their size and positive surface

charge. Since the gel runs negative to positive, our NPs should remain in the stacking region. L-

ASNase and/or L-ASNase/BSA encapsulated NPs are bigger than free proteins and are not able

to freely migrate down the polyacrylamide gel. These NP bands are present right below the well

in the stacker region, as shown in each image.
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Figure 28 SDS-PAGE (12%) gel of L-ASNase/DOX Glu. NPs. Lane 2: Molecular Weight
Ladder, Lane 3: 0.0885 mg/mL free L-ASNase, Lane 4: 0.0885 mg/mL free DOX, Lane 5:
L-ASNase Only NPs, Lane 6: L-ASNase/DOX Glu. NPs 1, Lane 7: L-ASNase/DOX Glu. NPs 2,
Lane 8: L-ASNase/DOX Glu. NPs 3.
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Figure 29 SDS-PAGE (12%) gel of L-ASNase/DOX DTSSP NPs. Lane 2: Molecular Weight
Ladder, Lane 3: 0.0885 mg/mL free L-ASNase, Lane 4: 0.0885 mg/mL free DOX, Lane 5:
L-ASNase Only NPs, Lane 6: L-ASNase/DOX DTSSP NPs 1, Lane 7: L-ASNase/DOX DTSSP
NPs 2, Lane 8: L-ASNase/DOX DTSSP NPs 3.
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Figure 30 SDS-PAGE (12%) gel of L-ASNase/BSA-DOX Glu. NPs. Lane 2: Molecular Weight
Ladder, Lane 3: 0.0885 mg/mL free L-ASNase, Lane 4: 0.0885 mg/mL free BSA, Lane 5:
0.0885 mg/mL free DOX, Lane 6: L-ASNase Only NPs, Lane 7: L-ASNase/BSA-DOX Glu. NPs
1, Lane 8: L-ASNase/BSA-DOX Glu. NPs 2, Lane 9: L-ASNase/BSA-DOX Glu. NPs 3.
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Figure 31 SDS-PAGE (12%) gel of L-ASNase/DOX Glu. NPs. Lane 2: Molecular Weight
Ladder, Lane 3: 0.0885 mg/mL L-ASNase, Lane 4: 0.266 mg/mL DOX, Lane 5: L-ASNase Only
NPs, Lane 6: L-ASNase/DOX DTSSP NPs 1, Lane 7: L-ASNase/DOX DTSSP NPs 2, Lane 8:
L-ASNase/DOX DTSSP NPs 3.

The band resulting from free L-ASNase (shown in lane 3 of each gel) served as the positive

control and was used as the reference for quantifying un-encapsulated L-ASNase present in NP

preparations. Image Lab software on the gel imager was used to quantify the un-encapsulated

L-ASNase present in each NP preparation as a relative quantity compared to the band in lane 3.
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Using the observed pixel intensity of the control band with a known concentration, the Image Lab

software will determine relative quantities based on the pixel intensity of sample bands. The rel-

ative quantity can provide insight to the extent of successful L-ASNase encapsulation. These val-

ues are shown in Table 5. L-ASNase only NPs showed a high encapsulation efficiency, resulting

in minimal or undetectable free L-ASNase in the gel.

L-ASNase/DOX NPs samples showed high quantities of un-encapsulated L-ASNase, with an

average relative quantity of 0.38 ± 0.12. L-ASNase/BSA-DOX NPs showed an average relative

quantity of un-encapsulated L-ASNase to be 0.29 ± 0.09. This value is lower than that observed

for L-ASNase/DOX NPs. This observation suggested that when BSA-DOX conjugates are used

instead of free DOX, L-ASNase is more effectively encapsulated. Figures 30–31 demonstrate

that BSA-DOX is almost entirely encapsulated, with no detectable free BSA-DOX conjugates in

those gels. This indicates that BSA-DOX conjugates facilitate more effective self-assembly than

L-ASNase and may contribute to lesser encapsulation of L-ASNase. At neutral pH, surface lysine

residues are typically protonated through their primary amine, adding a positive surface charge

to the protein [84]. Conjugation of DOX to these amine groups neutralizes the positive charge,

increasing the overall surface electronegativity of the protein’s surface and indirectly enhancing

its affinity for the cationic polymer. Overall, the gel retardation results suggested that BSA-DOX

conjugates slightly affected the amount of L-ASNase that could be encapsulated (subject to the

detectability level of gel bands).
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Table 5. Relative quantities of un-encapsulated L-ASNase in NP samples.

NPs Description Relative Quantities of un-encapsulated

L-ASNase

L-ASNase/DOX Glu. NPs 1 0.33

L-ASNase/DOX Glu. NPs 2 0.29

L-ASNase/DOX Glu. NPs 3 0.10

Average L-ASNase/DOX Glu. NPs 0.24 ± 0.12

L-ASNase/DOX DTSSP NPs 1 0.84

L-ASNase/DOX DTSSP NPs 2 0.22

L-ASNase/DOX DTSSP NPs 3 0.47

Average L-ASNase/DOX DTSSP NPs 0.51 ± 0.33

L-ASNase/BSA-DOX Glu. NPs 1 0.06

L-ASNase/BSA-DOX Glu. NPs 2 0.45

L-ASNase/BSA-DOX Glu. NPs 3 0.50

Average L-ASNase/BSA-DOX Glu. NPs 0.34 ± 0.24

L-ASNase/BSA-DOX DTSSP NPs 1 0.34

L-ASNase/BSA-DOX DTSSP NPs 2 0.16

L-ASNase/BSA-DOX DTSSP NPs 3 0.20

Average L-ASNase/BSA-DOX DTSSP NPs 0.23 ± 0.09

Overall Average L-ASNase/DOX NPs 0.38 ± 0.12

Overall Average L-ASNase/BSA-DOX NPs 0.29 ± 0.09
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3.9—Determination of L-ASNase Activity in NPs

A colorimetric assay was used to evaluate the impact of encapsulation on proteins’ enzymatic

activity. The asparaginase activity was determined by a coupled enzyme assay using a Sigma-

Aldrich asparaginase activity assay kit. In the assay, asparaginase hydrolyzes L-asparagine to

generate L-aspartate, which is converted to pyruvate and subsequently reacts with a colorless

probe to form a stable chromophore that can be detected colorimetrically at 570 nm, which is

proportional to the aspartate generated. The asparaginase activity is reported as nmole/min/mL

or mU/mL, where one unit of asparaginase is defined as the amount of enzyme that generates

1.0 µmol of aspartate per minute at 25 °C. The amount of aspartate generated by encapsulated

L-ASNase enzymes was determined using a calibration curve for aspartate standards, and the as-

paraginase activity was calculated using Equation 4 below.

Encapsulation Efficiency =
B x Sample Dilution Factor

(Tfinal - Tinitial) x V
Equation 4

B is the amount of aspartate (nmole) generated between Tinitial and Tfinal, where Tinitial is the

time of first absorbance reading in minutes, and Tfinal is the time of second reading in minutes,

and V is the sample volume (mL) added to a well.

Figure 32 illustrates a graphical representation of normalized activities of free L-ASNase, L-

ASNase only NPs, L-ASNase/DOX, and L-ASNase/BSA-DOX NPs and Table 6 reports all the

activities. The asparaginase activity of encapsulated L-ASNase has reduced by 25-30% compared

to the positive control of free L-ASNase. A one-way ANOVA at a significance of 0.05 revealed

that there was no statistically significant difference in mean activity between L-ASNase Only

NPs, L-ASNase/DOX NPs, and L-ASNase/BSA-DOX NPs, p = 0.327. However, there was a sta-

tistically significant difference observed between all three types of NPs and free L-ASNase, p =

0.0001. A decrease in activity following encapsulation is expected and potentially caused by a

few different factors, including steric hindrance, conformational changes caused by encapsula-
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tion, such as the formation of salt bridges, or diffusion-controlled access to the enzyme’s active

site within NPs.

Table 6. L-ASNase activity (nmol/min/mL) and normalized L-ASNase activity.

NPs Description L-ASNase Activity

(nmol/min/mL)

Normalized L-ASNase

Activity

Free L-ASNase 9.4424 ± 0.4454 1.0000 ± 0.0667

L-ASNase Only NPs 6.7691 ± 0.3193 0.7169 ± 0.0478

L-ASNase/DOX Glu. NPs 7.2890 ± 0.3438 0.7719 ± 0.0515

L-ASNase/DOX DTSSP. NPs 5.8294 ± 0.2750 0.6174 ± 0.0412

L-ASNase/BSA-DOX Glu.

NPs

7.5847 ± 0.3578 0.8033 ± 0.0536

L-ASNase/BSA-DOX

DTSSP NPs

6.6454 ± 0.3134 0.7038 ± 0.0469

Average L-ASNase/DOX

NPs

6.5592 ± 1.0321 0.6947 ± 0.1093

Average

L-ASNase/BSA-DOX NPs

7.1151 ± 0.6642 0.7535 ± 0.07034
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Figure 32 Normalized L-ASNase activity of L-ASNase/DOX NPs and L-ASNase/BSA-DOX
NPs. Light blue, yellow, red, and purple represent free L-ASNase, L-ASNase Only NPs,
L-ASNase/DOX NPs, and L-ASNase/BSA-DOX NPs, respectively. Free L-ASNase (positive
control), normalized activity, 1.0000 ± 0.0667; L-ASNase Only NPs, normalized activity, 0.7169
± 0.0478; L-ASNase/DOX NPs, 0.6947 ± 0.1093; L-ASNase/BSA-DOX NPs, normalized
activity, 0.7535 ± 0.07034.

3.10—Quantification of DOX in Co-encapsulated NPs: A Preliminary Study

A calibration curve was used to determine the amount of DOX (mg) successfully encapsu-

lated in NPs. The resulting amounts were subsequently used to determine the encapsulation effi-

ciency using Equation 2 stated in the experimental chapter. A simple calibration curve was devel-
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oped by using 6 DOX standards. DOX exhibits a strong maximum absorbance at 482 nm. The re-

sulting calibration curve exhibited an R² value of 0.99966. NPs were washed using 100 kDa cen-

trifugal concentrators at 11,337 rcf to eliminate un-encapsulated DOX from the samples. To en-

sure that conjugated DOX exhibited the same absorbance characteristics, BSA-L-ASNase/BSA-

DOX NPs were incubated overnight with 10 mM of GSH to cleave the disulfide bonds and re-

lease DOX from the BSA-DOX conjugates within NPs. This method is yet to be optimized as

there may be several factors affecting this experimental approach, such as the optimal incubation

time to release all the DOX from BSA-DOX conjugates within NPs. For this preliminary study,

the NPs were only incubated overnight in GSH, and below, we summarize our preliminary data

from this experiment.

Figure 34 summarizes the average amount of DOX encapsulated (mg) and the encapsulation

efficiency for L-ASNase/DOX NPs and L-ASNase/BSA-DOX NPs. The preliminary data show

that the L-ASNase/DOX NPs co-encapsulated slightly more DOX at 0.013 ± 0.001 mg, while

L-ASNase/BSA-DOX NPs co-encapsulated at 0.007 ± 0.001 mg. Despite the slight differences

in co-encapsulation, L-ASNase/BSA-DOX NPs had better encapsulation efficiency at 22.72 ±

2.06%, while L-ASNase/DOX NPs showed an encapsulation efficiency of 13.12 ± 0.52%. The

low encapsulation efficiency for DOX indicates that although free DOX may initially be encapsu-

lated in larger amounts, it cannot retain DOX within the nanocarrier. Due to its very small molec-

ular size, free DOX may be prematurely released from L-ASNaseDOX NPs through the polymer

matrix.

60



Figure 33 Calibration curve of DOX standards ranging from 0-0.2 mg/mL Slope, 2.95958 ±
0.0223 c; R2, 0.99966.
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Table 7. Determined DOX amount (mg) and encapsulation efficiency (%).

NPs Description
Encapsulated DOX

Amount (mg) Encapsulation Efficiency (%)

L-ASNase/DOX Glu. NPs 1 0.015 ± 0.004 14.83 ± 4.20
L-ASNase/DOX Glu. NPs 2 0.006 ± 0.004 6.16 ± 4.20
L-ASNase/DOX Glu. NPs 3 0.021 ± 0.015 20.85 ± 15.18
Average L-ASNase/DOX
Glu. NPs

0.014 ± 0.004 13.94 ± 3.69

L-ASNase/DOX DTSSP NPs
1

0.029 ± 0.009 29.57 ± 9.00

L-ASNase/DOX DTSSP NPs
2

0.003 ± 0.002 3.51 ± 1.75

L-ASNase/DOX DTSSP NPs
3

0.004 ± 0.002 3.83 ± 2.16

Average L-ASNase/DOX
DTSSP NPs

0.012 ± 0.007 12.30 ± 7.48

L-ASNase/BSA-DOX Glu.
NPs 1

0.009 ± 0.003 30.14 ± 10.87

L-ASNase/BSA-DOX Glu.
NPs 2

0.011 ± 0.004 34.63 ± 12.17

L-ASNase/BSA-DOX Glu.
NPs 3

0.004 ± 0.002 13.17 ± 7.19

Average
L-ASNase/BSA-DOX Glu.
NPs

0.008 ± 0.002 25.98 ± 5.66

L-ASNase/BSA-DOX
DTSSP NPs 1

0.003 ± 0.005 10.80 ± 14.80

L-ASNase/BSA-DOX
DTSSP NPs 2

0.008 ± 0.002 26.15 ± 6.06

L-ASNase/BSA-DOX
DTSSP NPs 3

0.007 ± 0.002 21.47 ± 5.95

Average
L-ASNase/BSA-DOX
DTSSP NPs

0.006 ± 0.001 19.47 ± 3.94

Overall Average
L-ASNase/DOX NPs

0.013 ± 0.001 13.12 ± 0.52

Overall Average
L-ASNase/BSA-DOX NPs

0.007 ± 0.001 22.72 ± 2.06
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Figure 34 Encapsulated efficiency (%) and encapsulated DOX amount (mg). Red represents
L-ASNase/DOX NPs, and purple represents L-ASNase/BSA-DOX NPs. The diagonal lines
correspond to the second axis (encapsulated amount). L-ASNase/DOX NPs, encapsulation
efficiency, 13.12 ± 0.52%, encapsulated amount, 0.013 ± 0.001 mg; L-ASNase/BSA-DOX NPs,
encapsulation efficiency, 22.72 ± 2.06%, encapsulated amount, 0.007 ± 0.001 mg.

3.11—Qualitative Evaluation of DOX Encapsulation using HPLC

HPLC was utilized as a qualitative method to analyze the washed fractions of NPs for free

DOX. As stated in the experimental section, L-ASNase/DOX NPs and L-ASNase NPs/BSA-

DOX were washed three times using 100 kDa centrifugal concentrators at 11,337 rcf, and the
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washings were collected for HPLC analysis.

It is well established that DOX forms dimers in salt-containing solutions, such as buffers [47].

Two distinct peaks corresponding to DOX monomers and dimers were observed. Monomers

eluted at approximately 11 minutes, and dimers eluted at later retention times around 19.5 min-

utes. The chromatograms containing washed fractions of L-ASNase/DOX NPs exhibited two

peaks that align with those observed in the free DOX standard. This further indicates that free

DOX is leaching out of the NPs. The chromatograms containing washed fractions of L-ASNase/BSA-

DOX NPs showed peaks with lower intensities at the same retention times; although this is not a

quantitative determination, this data suggests that the BSA-DOX conjugation effectively stabi-

lizes DOX within nanocarriers, resulting in minimal levels of free DOX present in washed frac-

tions.
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Figure 35 HPLC chromatograms of L-ASNase/DOX NPs and L-ASNase/BSA-DOX NPs washed
fractions. Blank, no clear peaks observed past solvent peak; DOX std, monomer, 10.82 min.,
dimer, 19.40 min.; L-ASNase/DOX Glu. NPs, monomer, 10.73 min., dimer, 19.53 min.;
L-ASNase/DOX DTSSP NPs, monomer, 10.69 min., dimer, 19.56 min.; L-ASNase/BSA-DOX
Glu. NPs, monomer, 11.69; L-ASNase/BSA-DOX NPs, monomer, 11.64 min.
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CHAPTER IV

CONCLUSION AND FUTURE DIRECTIONS

4.1—Conclusion

In this study, we successfully co-encapsulated DOX (DOX) and L-ASNase within PLL-g-

PEG polymer nanocarriers. Initially, free L-ASNase/DOX NPs were formed via electrostatic

interactions between the cationic polymer and negatively charged L-ASNase, resulting in self-

assembled NPs. However, HPLC analysis revealed that L-ASNase/DOX NPs fail to retain the

free DOX, releasing it into the surrounding solution. To enhance DOX stability within nanocarri-

ers and improve synthesis outcomes, DOX was conjugated to the surface of BSA. UV-Vis spec-

troscopy confirmed the successful conjugation of DOX to BSA via lysine residues, and SDS-

PAGE analysis verified that BSA’s overall molecular weight remained unaltered post-conjugation.

L-ASNase/DOX NPs exhibited significantly larger hydrodynamic diameters and high size vari-

ability, with an average size of approximately 415.3 ± 344.8 nm, indicating that this method was

less effective in forming stable nanocarriers. Conversely, L-ASNase/BSA-DOX NPs demon-

strated lower size variability and smaller hydrodynamic diameters, averaging around 84.8 ± 48.0

nm. In both NP types, L-ASNase encapsulation efficiencies ranged from 75% to 94%. As ex-

pected, L-ASNase activity decreased by 25–30%. Both types of NPs co-encapsulated DOX at

similar levels. However, DOX can readily escape from the L-ASNase/DOX NPs, thereby reduc-

ing their encapsulation efficiency. In contrast, DOX encapsulation was stable within L-ASNase/BSA-

DOX NPs, resulting in higher encapsulation efficiencies. In summary, we have successfully de-

veloped a method for co-encapsulating DOX and L-ASNase within PLL-g-PEG NPs.

4.2—Future Directions

The future avenues of research will focus on several key areas including (1) evaluation and

optimization of drug release in the presence of various concentrations of GSH; (2) surface func-
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tionalization of L-ASNase/BSA-DOX NPs using cell-penetrating peptides for cellular targeting;

(3) in vitro studies of surface-functionalized NPs with HEK293 to evaluate ability to cross cellu-

lar membranes; and (4) the co-encapsulation of other proteins and small molecule drugs through

protein-drug conjugation. Optimizing drug release is crucial for achieving controlled therapeutic

delivery and is essential for advancing NP-based cancer therapy. Linkers using disulfide bonds

can be selectively cleaved in the high-GSH environment typical of cancer cells, thereby releasing

the therapeutics. Surface functionalization enables the specific targeting of therapeutics to cancer

cells. Peptides are designed to interact with surface cell receptors to target the NP cargo toward

cancer tissues. Evaluation of the ability of functionalized NPs to cross cellular membranes will

provide insight into cellular uptake and the potential for high drug delivery efficacy. Finally, other

proteins and small molecule drugs may be suitable for co-encapsulation through this method.

This method not only successfully co-encapsulated DOX and L-ASNase but can serve as a model

for co-encapsulating other similar proteins and small molecule drugs. The application of this

method to other therapies could unlock significant potential for novel treatment combinations.
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