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Abstract

Drug delivery systems (DDS) that can temporally control the rate and extent of release of
therapeutically active molecules find applications in many clinical settings, ranging from
infection control to cancer therapy. With an aim to design a locally implantable, controlled
release DDS, we demonstrated the feasibility of using cellulose nanocrystal (CNC)-
reinforced poly (I-lactic acid) (PLA) composite beads. Performance of the platform was
evaluated using doxorubicin (DOX) as a model drug for applications in triple negative breast
cancer. A facile, non-solvent induced phase separation (NIPS) method was adopted to form
the composite beads. We observed that CNC-loading within these beads played a critical role
in the mechanical stability, porosity, water uptake, diffusion, release, and pharmacological
activity of the drug from the delivery system. When loaded with DOX, the composite beads
significantly controlled the release of the drug in a pH-dependent pattern. For example, the
PLA/CNC beads containing 37.5 wt % of CNCs showed a biphasic release of DOX where
41% and 82% of the loaded drug was released at pH 7.4 and pH 5.5, respectively, over 7
days. Drug release followed Korsmeyer kinetics, indicating that the release mechanism was
mostly diffusion and swelling-controlled. We showed that DOX released from the drug-
loaded PLA/CNC composite beads locally suppressed the growth and proliferation of triple-
negative breast cancer cells, MBA-MB-231, via the apoptotic pathway. The efficacy of the
DDS was evaluated in human tissue explants. We envision that such systems will find
applications for designing biobased platforms with programmed stability and drug delivery

functions.
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Introduction

Controlled release of pharmacologically active compounds has remained a major goal of drug
delivery research over the past decades. Implantable drug delivery system (DDS) placed
within tissues exhibit sustained drug release and have shown success in multiple clinical
settings including local delivery of antibiotic agents'®, long-term delivery of hormonal

3, cardio-protective agents'¥, low-dose delivery of non-steroidal or steroidal anti-

drugs’!
inflammatory agents'>2!. Controlled-release DDS have also found significant usage in cancer
therapy. In neoplastic diseases, an unmet clinical problem is the post-surgical control of
residual, microscopic disease. Cancer tissues tend to be poorly perfused, hypoxic, and acidic,
therefore potentially leading to selection of resistant cancer cell populations, leading to
recurrence of the disease even after surgical resection. Intelligently programmed, surgically
implantable drug delivery beads have been shown to control such re-proliferation of
remaining cancer cells 2>?°. Thereby, implanting pre-designed drug carries can facilitate post-
surgical outcomes by releasing the drug in a controllable manner under native tissue
conditions 222* 26 27 As such, these engineered delivery systems can elevate local drug
concentrations, reduce off-target systemic toxicities, and limit the extent and severity of side
effects?®. For example, the Gliadel® wafer-based technique was commercially adopted as a
drug delivery implant for inhibition of recurrent brain tumor cells*-**. These biodegradable,
poly-anhydride-derived dime-sized wafers are used to treat brain tissue neoplasia directly,
avoiding the complications of systematic chemotherapy and drug-diffusion challenges

associated with the blood-brain barrier?® 3! 3% 33

. Besides neuroblastoma, polymeric micro-
implants are used in several other types of cancers? 2> 363 For instance, Paclimer®, a

microparticle based drug delivery system, was recently used to inhibit tumor growth in

ovarian region®> *°. Polyphosphoester loaded with paclitaxel was reported to inhibit lung



cancer cells?® 4143

. These microparticles have also been explored for the treatment of
malignant glioma of the brain*. Other than cancer, drug-loaded, polymeric matrices and
meshes have been used as a surgical intervention strategy or for contraceptive purposes since
the middle of the last century***®. Biodegradable polymers have historically been used in the
design of the above-mentioned DDS as they are programmed to degrade after completion of
the task in a time-controlled fashion. In addition, the degradation products are absorbed or
naturally discharged by the body *" **. One of the risks associated with biodegradable
polymeric matrices for such local applications is uncontrolled mechanical failures and early
degradation of the system under physiological conditions upon prolonged exposure***. Such
premature instability can potentially result in uncontrolled drug release, local and systemic
complications (clot and embolism), and drug- or composite-associated toxicity®®. For non-
biodegradable systems, although such mechanical instability is avoidable, post-application
removal might present challenges due to integration of the device with neighboring tissue,

47,51 - Lactic acid derived

and fouling, oftentimes leading to infection or nerve damage
biodegradable polymer, poly (I-lactic acid), PLA, has been one of the most explored polymer
candidates for fabricating locally implantable systems >>¢142%5_ When used as a component
of DDS, drug release from PLA-rich release devices is generally governed by molecular
diffusion, swelling, and erosion of the matrix polymer. These mechanisms are primarily
associated with polymer properties and are highly random and uncontrolled in nature,
resulting in the need for formulation additives to maintain desired kinetics of drug release ¢
6771 " Another critical aspect of polyester degradation, such as PLA, is the acidic byproducts
of their hydrolytic breakdown. PLA degrades naturally within the body, producing lactic acid
and carbon dioxide, which are metabolized intracellularly or discharged through urine and

breath®®. Not only do these acidic byproducts tend to cause inflammatory responses, but they

also can trigger an autocatalytic effect on composite degradation’ 7. If porosity of the



scaffold is low, trapping of acidic byproducts within the systems creates a hollow core,
causing heterogeneous defects to take place within the scaffold’*. Therefore, reducing and
replacing the volume-fraction of PLA with a hydrophilic, multifunctional polymer will
improve therapeutic and stability performance of PLA-rich composites by formation of

nanoscale, tortuous channels without affecting the composite properties and functions.

Cellulose 1s the most abundant natural polymer on earth and is a major component of
plants and marine animals (e.g., tunicates) ">”7®. Organized structures of cellulose, such as
cellulose nanocrystals (CNCs) are separated using mechanical and chemical extraction (acid
hydrolysis) processes from bio-source materials such as wood, plants, and living organism
(i.e., bacteria)’®®!. These nanocrystals, which present rigid rod-like particles with a width of
2-5 nm and a length of 200-230 nm®, possess outstanding mechanical properties, large
surface area, high aspect ratio (i.e., length to width ratio), biocompatibility, nontoxicity, and
the presence of abundant hydroxyl groups (-OH) available for formation of hydrogen bonding
in aqueous environment®***, These cellulosic nanomaterials have been extensively studied
for their applications in nanocomposites, flexible optical and electrical devices, biomedical
and tissue engineering, coatings, filtration, and separation’-8% 82 8488 - Although use of CNCs
as swellable nanoscale scaffolds have been reported earlier 7> %3 mechanistic
underpinnings of the effect of CNC content on drug release from PLA/CNC composite have
been under-investigated. We hypothesize that hydrophilic nano-scaffolds such as CNCs,
when present within a polymer matrix, can provide the matrix with mechanical stability,
porosity, and water absorption capacity. These properties of CNCs enable the CNC-loaded
matrix to transform into its swollen state without scaffold degradation, creating porosity for
efficient effluent and by-product removal. In addition, such swelling also contributes to
controlled drug release via formation of a gel-like barrier surrounding the matrix **.

Therefore, we expect to attain more programmable rates of diffusion and dissolution of the



drug loaded within a PLA/CNC composite matrix as a function of CNC content. In addition,
porosity is critical for maintaining scaffold integrity via facilitating removal of acidic
byproduct resulting from scaffold degradation, especially for scaffolds composed of
polyesters”. Furthermore, in a cancer setting, the acidic and enzyme-rich cancer
microenvironment exerts significant influence on PLA degradation, which acutely affects the
rate and extent of drug release from PLA-based matrices **!'%°. Therefore, in this report we
have systemically designed PLA/CNC composite matrices in the form of beads of ~1.5 £ 0.3
mm diameter for delivery of a frontline chemotherapeutic agent, doxorubicin (DOX). We
used PLA as the biodegradable matrix and CNCs to induce high porosity and swellability
within the beads, which facilitated permeation of liquid medium inside the matrix and
promoted DOX release from these beads. Our goal is to study the effects of CNCs
incorporation within DOX-loaded PLA beads as a function of mechanical stability, porosity,
swelling properties, and drug release kinetics under cancer tissue-mimicking pH. As a proof-
of concept demonstration, we applied the beads in a simulated, localized cancer therapy using
breast cancer cell lines and pancreatic cancer patient-derived tissues. Our long-range goal is
to engineer biocompatible composite beads with programmable drug delivery and a stability

profile that could be tailored to respond to a particular disease environment.
Experimental Section

Materials. Poly (lactic acid) (Mn~30 kDa, Mw ~60 kDa), N, N -dimethylformamide
(DMF) and doxorubicin hydrochloride (DOX HCI) were purchased from Sigma-Aldrich.
Cellulose nanocrystals (CNCs) were procured from the University of Maine, USA. Triple-
negative breast cancer MDA-MB-231 and MCF-7 cell lines were purchased from American

Type Culture Collection (ATCC, Manassas, VA).



Preparation of Beads. Non-solvent Induced Phase Separation (NIPS) technique was
used to prepare spherical PLA/CNC beads. A predetermined amount of PLA (Table 1) was
dissolved in 10 mL DMEF at 90°C by stirring for 3 hours. CNCs were added to the solution
and dispersed thoroughly using a high-speed vortex mixer (10 min) followed by magnetic
stirring at 1,500 rpm for another 10 min. The temperature was maintained at 70°C. The
mixture was fed into a 15 ml syringe and pumped out through a needle (18G, 1.2mmx40mm)
at a 0.3 ml/min flow rate using a syringe pump (Fusion 200, Chemyx Inc.). The mixture was
directly dripped into a coagulation bath containing 500 mL of water under continuous
stirring, producing PLA/CNCs composite beads (Figure S1A, Supporting Information). The
beads were separated from water using filter paper and were frozen in -30°C flowed by
lyophilization for 17 h. The composition and sample code for each type of produced beads

are summarized in Table 1.

Table 1. Compositions of PLA/CNCs beads.

PLA content* CNCs content* CNC/PLA DOX amount
Sample code

(mg) (mg) ratio added* (mg)
P1CO 1000 0 0 15
P1C0.2 1000 200 0.2 15
P1C0.33 1000 330 0.33 15
P1C0.5 1000 500 0.5 15
P1C0.6 1000 600 0.6 15
P1C0.7 1000 700 0.7 15
P1C0.8 1000 800 0.8 15
P1Cl1 1000 1000 1 15

* These amounts were dissolved in 10 mL DMF for all formulations.

Formation of DOX-loaded beads. To prepare drug-loaded beads, 15 mg DOX was

dissolved in each PLA/CNCs mixture and beads were prepared following the same procedure



described above (Figure S1B, Supporting Information). The beads were stored in a container
wrapped with aluminum foil to protect the drug from photo-degradation. Drug loading

efficiency was calculated using the following equation (1) %1,

b load & 9 Mass of DOX loaded onto beads 100
rug loading efficienc = * i
8 8 v Mass of DOX in solution ®

Rheology test on liquid solution. A rheology test was conducted using TA ARES G2
rheometer (Serial number: 4010-0868) on the PLA/CNC/DMF solution at 70°C to keep the
sample formulation in the liquid phase during the test. The percentage of strain was
investigated for the P1CO formulation in between 25 mm diameter circular parallel plates
with a 1 mm gap and rotation of fixed angular frequency of 10 rad/s. Storage modulus, loss
modulus, and complex viscosity were measured while maintaining a constant strain and

variable angular frequencies of 1-500 rad/s at 70°C.

Morphology. Morphological characterization of the beads was conducted using a
scanning electron microscope (SEM). The outer surfaces and cross sections of the beads were
imaged using a JEOL JSM-6490LV SEM (JEOL USA, Inc., Peabody, Massachusetts USA).
Beads were cut into half transversely with a new razor blade to expose the interior and
attached to cylindrical aluminum mounts with colloidal silver paint (SPI Supplies, West
Chester, Pennsylvania, USA). Then they were sputter coated (Cressington 108auto, Ted
Pella, Redding, California USA) with a conductive layer of gold. Images were obtained with
a SEM at an accelerating voltage of 15 kV. Barrett-Joyner-Halenda (BJH) pore size analysis
for mesopore!®> 19 measurement was conducted for P1C0, P1C0.2, P1C0.5, P1C0.8 and
P1C1 beads. We selected equivalent spaced CNC-containing bead formulations to follow the
effects of CNC-content on pore size. Barrett-Joyner-Halenda (BJH) porosity characterization
was done after drying the beads in a lyophilizer for 17 h and degassing afterwards at room

temperature for 24 h. Adsorption and desorption of the sample was performed in nitrogen



medium. The beads were also directly imaged using GE Phoenix V/tome/x microfocus X-ray
computed tomography (Micro-CT) equipped with a 180 kV nanofocus X-ray tube and a high-
contrast GE DXR250RT flat panel detector (GE Sensing & Inspection Technologies GmbH,
Germany). Images of 1500 projections were acquired at a voltage of 60 kV and a current of
200 pA using a molybdenum target. Detector timing was 333 msec. Sample magnification
was 38.99X with a voxel size of 5.1 pm. The acquired images were reconstructed into a
volume data set using GE datos/x 3D computer tomography software version 2.2 (GE
Sensing & Inspection Technologies GmbH, Germany). The reconstructed volume was
viewed, and porosity analysis was performed using VGStudio Max version 3.2 Software

(Volume Graphics, Inc., NC, USA).

Fourier transform infrared spectroscopy (FTIR). To understand the interactions
between the components of the beads, the cross-sectional surfaces of the beads were
subjected to FTIR (Thermo Scientific Nicolet 8700) examination under the attenuated total
reflection (ATR) mode. Spectra of the samples were obtained between 4000-500 cm™ based

on 32 repetitive scans.

Differential scanning calorimetry (DSC). Differential scanning calorimetry tests
were conducted on the beads between 0°C and 250°C using a Seiko DSC 220 at the heating
rate of 15°C min’'. The glass transition (Tg), crystallization, cold crystallization (7c), and

melting temperatures (7m) of the beads were determined from the thermograms.

Compression test. Mechanical properties of the beads were characterized using a TA
Discovery dynamic mechanical analyzer (DMAS850) operating in the compression mode. The
force-displacement curves were plotted to study the effects of the porosity on the mechanical

strength of the beads.



Water uptake. PLA/CNCs beads were weighed and immersed in phosphate buffered
saline (PBS) (pH 7.4) at room temperature. At stipulated time points, beads were removed
from the solution, lightly dabbed to remove liquid attached to bead surface, and weighed. The
process was repeated for 130 h total immersion time. The percentage of water absorption was

calculated based on the weights using the following equation (2)'%% 195

_ W 0
Water Uptake 9% = W % 100 (2)
0

where Wy and W; are the initial dry weight of the beads and their weight after being immersed

for time ¢, respectively.

Drug release. DOX-loaded PLA/CNCs beads (n = 5 beads per formulation with 3
replicates for each formulation) were submerged in 1.5 mL pH-7.4 or pH-5.5 buffer in test
tubes (pH was maintained by adding 0.IM NaOH or 0.IM HCI solutions in PBS). The
samples were agitated continuously using a VWR orbital shaker (Model 1000). After
predetermined time intervals, 1 mL sample buffer was collected, and the tubes were
replenished immediately with the same volume of fresh buffer. The amount of DOX in the
sample was measured using UV-Vis spectroscopy (Varian Cary 5000). DOX concentration
was determined based on the intensity of the absorption peak at 480 nm!*1% The

cumulative release profile was calculated using the following equation (3)*% 10

Cumulative ¥ release

volume withdrawn .
= X Uprelease at time t

velume of bath

+ Z%re!ease at time t— 1 (3)

Release Kkinetics analysis. The Korsmeyer-Peppas model was used to study the

kinetics of drug release from the beads!'® '!!, This model is a frequently used mathematical



model to interpret non-linear diffusion-based drug release process. According to the model,

the fraction of released drug can be calculated using the following equation (4),
= ke 4)

where M, /M_, denotes the fractional released drug at time f, k& denotes the release rate

constant, and # is the release exponent that categorizes a particular release mechanism. For
spherical matrices, n < 0.43 indicates a Fickian (Case I) release; 0.43 < n < 0.89, non-Fickian
(anomalous) release; n = 0.89, Case II (zero order) release; and n > 0.89, super case II release
2 Theoretically, Fickian transport occurs when the polymer relaxation time is greater than
the solvent diffusion time, whereas non-Fickian diffusion takes place when the relaxation

time and diffusion time are equal®®

. Due to the factors including solute concentration
gradient, degree of polymer swelling, and diffusion distance, most of the polymeric systems
follow the Fickian diffusion mechanism. From the release exponent n and release rate

constant k, mean dissolution time (MDT) was also calculated to investigate the release rate of

DOX and the drug sustaining efficacy of the composite beads using the following equation

(5) 109, 113

-1

) xk® (5)

MDT = (n+ 1

where k denotes the release rate constant and 7 is the release exponent calculated from the

Korsmeyer-Peppas model.

Cellular viability study. Two breast cancer cell lines, MDA-MB-231 and MCF-7
were seeded (1x10° cells / well) in 48-well cell culture plates and allowed to grow overnight
in an incubator (37° C with 5% COz2) using Dulbecco’s Modified Eagle Medium (DMEM)

supplemented with 1% v/v Penicillin-Streptomycin (pen-strep) and 10% Fetal Bovine Serum



(FBS). The cells were then treated with DOX-loaded bead formulations (drug concentration
was varied by using varying number of beads) along with drug-free beads (P1CO0.6
formulation, without DOX) along with a control group (without beads) for 24, 48, and 72 h.
Subsequently, the cells were washed with PBS and the cell viability was measured using the
Alamar Blue assay. Briefly, DMEM and the Alamar Blue reagent were mixed at a 9:1 ratio
and the mixture was incubated for 5 h in a cell culture plate. The fluorescence of the sample
was recorded at 560 nm (excitation) and 590 nm (emission) wavelengths using a Synergy H1

microplate reader (BioTek).

Cellular uptake study. The breast cancer cell lines MCF-7 and MDA-MB-231 were
cultured in high glucose DMEM media containing 10% v/v FBS and 1% pen-strep. In a 12-
well plate, 1 x 10> MDA-MB-231 or MCF-7 cells were cultured in each well and incubated at
37° C with 5% COz. The DOX-loaded beads were used as the treatment and the DOX-free
beads (beads without DOX) were used as the control. For treatment group, 6 beads (64 ug
DOX per bead, total 384 pg, quantified via UV-Vis Spectroscopy at Amax of DOX) of a
formulation were added to each well and an exposure time of 3 and 6 h was allowed. After
the treatment, the cells were washed with PBS, stained with DAPI dye (NucBlue, Invitrogen)
for 10 minutes, and washed again with PBS. A Leica fluorescence microscope with a 20x
objective lens was used to identify DOX fluorescence (emission wavelength at 595nm). The

integral density per unit area of drug uptake was measured using NIH ImagelJ software.

Cellular uptake study by FACs. The amount of DOX delivered inside MDA-MB-231
cells was evaluated using flow cytometry. For this experiment, MDA-MB-231 cells were
cultured in DMEM complete media and were treated with DOX-loaded beads for 3 h and 6 h.
The treated cells were trypsinized and fixed in chilled ethanol. The samples were centrifuged
to form a cell pellet, which was then resuspended in sterile PBS prior to cytometry

measurement. The samples were examined in a flow cytometer (BD Accuri C6, BD



Bioscience, San Diego, CA, USA) using FlowJo® software to measure cellular uptake at

different time points'!'.

Detection of mitochondrial membrane potential. Depolarization of mitochondrial
membrane potential is one of the most sensitive indicators of apoptosis. The transmembrane
electrochemical gradient of mitochondria was determined using the mitochondrial potential
sensor JC-1, a lipophilic and cationic cell-permeable dye. In untreated control cells, JC-1 can
freely pass through the mitochondrial membrane and generates J-aggregates, which are
fluorescent red. In apoptotic cells, the reduction of mitochondrial membrane potential hinders
the diffusion of JC-1 and the chemical remains as monomers in the cytosol, which are
fluorescent green. The J-aggregates/monomers ratio is a strong indicator of mitochondrial
transmembrane potential and helps to distinguish the apoptotic cells from the control cells.
For this study, MDA-MB-231 cells (2.5 x 10° cells/ml) were incubated with 6 beads (drug
release amount equivalent to 1Cso value of DOX) for 24, 48, and 72 h at 37°C, 5% COz. Then
the cells were washed with PBS and incubated with JC-1 (7.5 puM in PBS) under dark
conditions for 15 min at 20-25°C !5, The JC-1 treated cells were analyzed by flow cytometry
(BD Accuri C6, BD Bioscience, San Diego, CA, USA) and data were analyzed using FlowJo

software.

Polymer stability study in plasma. To evaluate the stability of drug delivery beads
in plasma, we submerged the PLA/CNC beads (P1C0O, P1C0.6 and P1C1 formulations,
without DOX) in reconstituted mouse plasma (Sigma Aldrich, P9275) under constant orbital
shaking at 37°C for 5 days. After the stipulated time, beads were recovered and assessed for
morphological and microstructural changes using SEM imaging. For evaluating drug release
from the beads, we submerged DOX-loaded P1CO0.6 formulations in mouse plasma (3
replicate beads), and concentration of DOX in plasma was monitored for 5 days using UV-

Vis spectroscopy.



Functional efficacy of released drug on patient-derived xenograft tumors. Human
pancreatic ductal adenocarcinoma (PDAC) tumor was obtained from an F10 generation
patient-derived xenograft (PDX) NOD scid gamma mouse. The tumor tissue, chopped into 3
mm?® chunks, was placed in a 24-well plate precoated with Matrigel. High-glucose DMEM
containing 10% FBS and 1X antibiotic/antimycotic solution along with 0.01 mg/ml insulin,
0.01 mg/ml hydrocortisone and 5SmM GlutaMAX was added to each well''®. Ex vivo tumors
were treated in the presence of either DOX-loaded beads (n=4) or drug-free beads (n=4) or a
control group without any beads (n=2). DOX-treated tumors were surrounded by four DOX-
loaded beads (15 pg DOX/bead) and control-treated tumors were surrounded by four drug-
free beads. The setup was maintained at 37°C with 5% COz2 for a period of 4 days. Fresh
culture media was supplied daily. At the end of the treatment period, the tumor fragments
were fixed in formalin and underwent standard histology protocols. The fixed explants were
embedded in paraffin wax and 5 um sections were prepared using a microtome. Tissue slides

were stored at 4°C until further use.

Immunohistochemistry. Tissue sections of tumors treated with DOX-loaded or drug-
free beads were deparaffinized at 60°C for 2 h and rehydrated using xylene and ethanol.
Antigen retrieval was performed at 95°C for 30 minutes using a Tris-EDTA buffer at pH 9.0.
Tumor tissue was then stained for Ki-67 (Invitrogen MAS5-14520) at a concentration of 1:200
overnight in a moisture chamber at 4°C and detected using a secondary goat anti-rabbit Alexa
Fluor 488 (Invitrogen A11034) at a concentration of 1:250 at room temperature. The nucleus
was stained for using DAPI for 5 minutes at room temperature and the mounting was done

using VECTASHIELD (without DAPI) mounting medium.

Results and Discussion



Effect of CNC content on the rheology of the composite suspension. First, we
identified the optimum viscosity of the PLA/CNC/DMF mixture via a rheology test at a fixed
angular frequency. We observed that, at an angular frequency of 10 rad/s, the dynamic
modulus of the PLA matrix was stable up to 15% strain (Figure 1A) from which we selected
5% strain for a dynamic frequency sweep for all subsequent rheology tests !'7. Storage
modulus, loss modulus, and complex viscosity were measured at 5% strain and variable
angular frequencies of 1-500 rad/s at 70°C. Storage modulus and loss modulus were found to
increase from pristine PLA/DMF solution with increasing CNC content in different
formulations (Figure 1B and Figure 1C). Due to intrinsic rigidity of CNCs, stress is
transferred from PLA/DMF to CNCs resulting in such increment of storage modulus ''’. The
viscosity profile (Figure 1D) gradually increased with increasing CNCs content in
PLA/DMF suspensions. The increment of viscosity usually relies on the type, concentration
size, shape, and distribution in filler particles within the polymer matrix. In our case,
viscosity of the PLA/CNC/DMF mixture influenced the solvent-nonsolvent diffusion during

bead formation affecting porosity distribution.

Figure 1: Rheology testing on PLA/CNC/DMF solution at 70°C to evaluate (A) Storage
modulus, loss modulus, and complex viscosity for P1C0O formulation with variable strain
percentage and fixed 10 rad/s angular frequency; and (B) Storage modulus, (C) Loss
modulus and (D) Complex viscosity for all formulations with respect to variable angular

frequency and strain fixed at 5%.

Formation, morphology, and microstructural studies of PLA/CNC composite

beads. Physical view of the beads fabricated by facile, non-solvent induced phase separation,



with or without DOX loading, is presented in Figure S1 (A-B). Scanning electron
microscopy of these beads showed changes in surface roughness as increasing concentrations

of CNCs were incorporated in the formulation as shown in Figure 2 (A-E).

Figure 2. SEM image on surface of PLA/CNC bead of (A) P1CO0, (B) P1C0.2, (C) P1C0.5,

(D) P1C0.8, and (E) P1C1 formulations, respectively.

The microstructure of beads was studied both qualitatively and quantitatively using
SEM, BJH, and micro-CT. Figure 3 showed the cross-sectional micrographs of the beads of
five formulations, i.e., P1CO0, P1C0.2, P1C0.5, P1C0.8 and P1C1. The average pore diameter
percentage was calculated for the various bead formulations with a diameter size in the range
of 0-25 um using ImageJ software (Figure 3). All five samples showed a typical core-sheath
structure of porous polymer materials produced from the coagulation process. The relatively
dense sheath was formed through rapid removal of the solvent from the surface layer of the
PLA/CNC:s solution droplets, whereas the porous core was by diffusional exchange of the
solvent and the non-solvent during the phase separation process''® !, The images showed a
clear trend that the porosity of the beads increased as the concentration of CNC was
increased. Figure 3 also shows that while the number of pores increased, their diameters
decreased with increasing CNC concentrations. The refinement of the porous structure could
be due to the increased viscosity of the solution after CNCs were incorporated. This
observation also corroborated with our rheology studies, which showed that the viscosity of
the bead-forming suspension was elevated as the CNC-content within the matrix increased
(Figure 1). A high solution viscosity hinders the penetration of the nonsolvent and hence
reduced the size and number of large pores'?°. CNCs as nanocrystals could form a spanning

fibrous network within the PLA matrix, which could also prevent the formation of large




cavities inside the beads. Indeed, the fiber network structures in the beads were observed via

SEM imaging and are shown in Figure S2 (Supporting Information).

Figure 3. SEM images of the cross sections of the PLA/CNCs composite beads and their
diameters. A1-A4: P1CO, B1-B4: P1C0.2, C1-C4: P1C0.5, D1-D4: P1C0.8 and E1-E4:
P1CI at three different magnification levels (i.e., x30, x300, and x1,800), and the average

percentages of beads with diameters in the range of 0-25 pm.

The pores on the outer surface/sheath layer of the beads were also studied using SEM.
Figure 4 shows the distribution of uniform micropores on the surface of all beads. The
porosity of the surface increased with increasing concentrations of CNCs, in agreement with
the porosity trend of the bead core. These uniformly distributed micropores would be
favorable for bead performance as controlled-release drug delivery systems as these structural

features will facilitate molecular diffusion during the drug release process.

Figure 4. SEM images of the outer surface of the beads. (A) Neat PLA (P1C0), (B)

P1C0.33, (C) P1CO0.5, and (D) PIC1.

From the BJH adsorption pore distribution analysis, the average internal mesopore
width was found to decrease with increasing CNC content (Figure 5 and Table 2). As
viscosity increases with increasing content of CNCs, formation of network structure within

the PLA matrix is favored that slows down the diffusion of solvent to the bulk nonsolvent



phase, contributing to the formation of smaller pores and reducing the size and number of

larger pores '%°.

Figure 5: BJH analysis for mesopore size distribution inside beads (P1C0, P1C0.2,

P1C0.5, P1C0.8 and P1C1)

Table
2. BIH Sample Adsorptipn average Desorptign average
pore width (nm) pore width (nm)
P1CO 17.988 16.102
P1C0.2 14.087 9.987
P1C0.5 12.787 11.437
P1C0.8 12.480 8.545
P1Cl1 11.734 8.813

adsorption and desorption mesopore size distribution

We further examined the internal air and matter percentage of composite beads using
Micro-CT characterization. As shown in Figure 6 and Table 3, the air percentage of the
beads was found to be directly related to the concentration of CNCs. For example, the air

percentages of P1CO, P1C0.2, P1C0.5, P1C0.8 and P1C1 were 64.0, 73.3, 75.9, 78.8 and



82.1%, respectively, confirming the observations from the SEM study. Micro-CT also
revealed that the pores are internally connected thereby forming a tortuous construct. These
structural features will be critical for extending the diffusion path of small molecules and
drugs, which are incorporated within the bead interior, thereby extending the residence time
of drug within the beads. The compression tests on the beads showed that P1C0.5 had higher
strength than P1C1 because of its lower air percentage (Supporting Information, Figure S3).
Thus, via incorporation of CNCs, manipulation of bead strength can be achievable to fit to

the intended therapeutic applications.

Figure 6. Micro-CT images of A1-A3: P1C0, B1-B3: P1C0.2, C1-C3: P1C0.5, D1-D3:
P1CO0.8 and E1-E3: PICI1 beads at three different magnification levels (3D view, 162%

and 1541% zoom respectively)

Sample Material Vol Air Vol Total Vol Material %  Air %

P1CO 2.79 4.95 7.74 36.0 64.0
P1C0.2 3.86 10.61 14.47 26.7 73.3
P1CO0.5 3.37 10.63 13.99 24.1 75.9
P1C0.8 4.02 14.95 18.97 21.2 78.8

PICI 342 15.66 19.08 17.9 82.1

Table 3: Material and air percentage calculated from Micro-CT analysis on beads

Chemical features of PLA/CNC composite beads. Attenuated Total Reflectance
(ATR) spectroscopy was conducted on the cross-section of the beads to investigate the

interactions among different functional groups of the samples. Illustrated in Figure 7, the



strong peak at 1740-1750 cm™ was attributed to the C=O stretching of the aliphatic ester of
PLA '2!. The peaks at 2998, 1450, and 1385 cm™ were due to C-H and CH3 asymmetric
stretching and bending of PLA. The peaks at 1180, 1081, 2948, and 1360 ¢cm™ could be
attributed to C-O-C symmetric and asymmetric stretching and -CH stretching and bending of
PLA, respectively'?" 1?2, The broad band at 3200-3600 cm™ on the spectrum of CNCs was
attributed to the stretching of the hydroxyl groups of the nanofibers. The intensity of this
band for the PLA/CNCs composites increased with the increasing concentration of CNCs.
The peak at 1656 cm™ was due to the absorbed water of CNCs !%. No obvious shift of the
peaks could be observed from Figure 7, suggesting negligible chemical interactions between

PLA and CNCs.

Figure 7. ATR spectra for CNCs, PLA (P1C0), and different formulations of PLA/CNCs

beads with increasing CNC content.

Thermal properties of PLA/CNC composite beads. Differential Scanning
Calorimetry (DSC) thermograms of neat PLA and PLA/CNCs containing different
concentrations of CNCs are presented in Figure 8. Thermal properties obtained from this set
of samples are summarized in Table 4 based on these thermograms. All the samples
exhibited glass transition (7g), cold crystallization (7c), and melting (7») behaviors as a
function of CNC content (Figure 8A). For example, 7 of the samples decreased slightly with
the increasing content of CNCs (Figure 8B and Table 4). Other groups reported similar
phenomena that indicate weak interactions between PLA and CNCs that ultimately affect

PLA chain mobility and facilitate the glass transition '**'?°, Similarly, the cold crystallization




temperature (7cc) gradually decreased from 94.39 °C for P1CO to 88.76°C for P1C1 (Figure

8C and Table 4).

Figure 8. DSC thermograms of neat PLA and PLA/CNCs plotted between different
temperature ranges. (A) the complete curves showing the glass transition (7g), cold
crystallization (7cc), and melting (7) temperature, (B) comparison of glass transition
region, (C) comparison of cold crystallization region, and (D) comparison of melting

region magnified from (A).

The observed effect of CNCs on thermal behavior of the composite can be attributed
to the fundamental feature of CNCs to act as an effective nucleation agent for various

124,127,128 The reduction in Te can be attributed to

polymers, as widely reported in literature
the nucleation effect of CNCs that promoted PLA nucleation and, therefore, enabled the
polymer to crystalize at lower temperatures. From P1CO to P1Cl1, the melting temperature
(Tm) of the samples increased with the increasing CNC content; a low-temperature secondary
melting peak also became increasingly pronounced (Figure 8D and Table 4). This double-
peak melting behavior has been reported on PLA blends and composites, and it has been
attributed to the melting of small and imperfect PLA crystals at a relatively low temperature,
recrystallization, and melting of higher-perfection crystals at a higher temperature!?® 13°, The
pronounced low-temperature melting peak of P1C1 is due to the melting of a relatively large
number of imperfect PLA crystals that were nucleated by a high content of CNCs. This

melting behavior agrees with the strong nucleation effect of CNCs observed from the cold

crystallization study.



Table 4: Ty, Tccand T of neat PLA and PLA/CNCs.

Sample Te(CC)  Tee(CC)  Twm(°C)

P1CO 67.2 94.4 166.8
P1C0.33 66.6 91.6 168.1
P1C0.5 66.2 90.6 168.2
PICl1 65.3 88.8 168.6

Water uptake. One of the major objectives of this work was to enhance liquid
diffusion inside PLA/CNCs beads for optimized drug release. The diffusion of PBS buffer
(pH 7.4) in the beads can be evaluated by water uptake within the beads. Figure 9 shows that
neat PLA exhibited water uptake (calculated using equation 2) of 37% of the weight of bead
at the end of 132-h study period. Within this test period, water uptake within the beads was
significantly influenced by CNC content. For instance, P1C0.33, P1CO0.5, and P1C1 showed
water uptake of 287%, 333%, and 438% of the weight of the bead, respectively. CNCs
promote solution diffusion through creating pores in the beads and providing abundant
hydrophilic -OH groups within the material. The increase in water uptake of the beads agrees

with the porosity trend as well.

Figure 9. Water uptake of the beads as a function of time.

DOX encapsulation efficiency within PLA/CNC composite beads. Encapsulation
efficiency of DOX was calculated from equation (1) for each drug-loaded beads and
tabulated in Table 5. Interestingly, we observed that increasing the CNC concentration within

the PLA matrix, increased drug loading efficiency. For example, the P1CO formulation



showed the lowest encapsulation efficiency for DOX, and most of the drug bound closer to
the bead surface was released during preparation of the beads under magnetic stirring
condition. On the other hand, formulations containing increasing concentrations of CNCs
were able to bind the drug within the polymer matrix due to the higher level of porosity and

hydrophilicty contributed from the CNC architecture.

Table 5: Loading efficiencies of neat PLA and PLA/CNCs beads.

Sample Encapsulation efficiency
P1CO 44.75+5.68
P1C0.2 57.91+5.56
P1C0.33 64.47+4.68
P1CO0.5 75.55+3.56
P1CO0.6 80.12+5.57
P1CO0.7 87.71+4.36
P1C0.8 92.63+3.45
P1C1 08.27+1.47

Drug release study. The most important feature of a drug delivery system lies in its
capacity to control the liberation of the active molecule in a temporally controlled pattern. In
order to investigate the DOX release capacity from PLA/CNC composite beads, a calibration
curve of DOX in PBS was first obtained quantifying the relationship between the UV-vis
peak intensity (at Amax = 480 nm) and DOX concentration in the buffer (Supporting
Information, Figure S4). Cumulative drug release from the beads at predetermined time
intervals was calculated from equation (3) based on the calibration curve and the resultant
release plots are presented in Figure 10. As an example, the UV-vis spectra that were used to
calculate the cumulative release for P1C0.6 are shown in Figure S5 (Supporting
Information). We observed that the amount of CNC incorporated within the CNC/PLA
composite beads markedly affects DOX release properties from these beads. For example, the

P1CO formulation, which contained no CNCs, showed 8% cumulative release of DOX over



the course of 7 days in pH 7.4, as compared to 22%, 31%, and 41% releases for the P1C0.33,
P1CO0.5, and P1C0.6 formulations respectively (Figure 10A). The positive correlation
between the release and the concentration of CNCs within the composite beads can be
attributed to the increased porosities and tortuosity formed within the beads at high CNC
level, which facilitates the diffusion of buffer into beads, promoting dissolution and

subsequent diffusion of the entrapped drug out of the composite!®!: 131132,

DOX release from the beads was also found to be significantly affected by the pH of the
release media. As shown in Figure 10B, where the pH of the release media was maintained at
5.5, the cumulative release of DOX for all the formulations were much higher than those
incubated at pH 7.4. For example, the cumulative release of DOX from P1CO0, P1C0.33,
P1C0.5, and P1C0.6 beads incubated in pH 5.5 buffer released 16%, 46%, 67%, and 82%,
respectively after 7 days. Protonation of the amine groups in DOX coupled with acidity-
induced swelling of cellulose facilitate solvent entry and drug dissolution, triggering faster
DOX release from the beads'?* 13, However, further increases in the CNC contents (P1C0.7,
P1CO0.8, and P1C1) were found to reduce DOX release for both pH conditions (Figure 10C
and 10D). The cumulative drug release (pH-7.4, 7 days) for P1C0.7, P1C0.8, and P1C1 were
32%, 21%, and 13%, respectively. This result indicates that excessive swelling due to the
incorporation of large quantities of CNCs caused the development of a swollen layer (gel

94135 This is to note that, reduction of

layer) around the bead that slowed down drug release
pH could increase DOX release from these samples. At pH 5.5, the release of DOX from
P1CO0.7, P1C0.8, and P1C1 formulations were 51%, 37%, and 27% respectively, after 7-days.
This experiment revealed that controllable rates of diffusion and dissolution of the drug can
be achieved from the PLA/CNC composite matrix by adjusting the CNC content. The drug-

polymer interaction plays an important role in drug release. DOX contains many amine and

hydroxyl groups and, therefore, can interact with the hydroxyl groups of CNCs through



hydrogen bonding. DOX’s strong binding to CNCs is expected to hinder its dissolution and
diffusion and reduce its releases from the matrix. At high CNC concentrations, this hindrance
can outweigh the positive porosity effect of CNCs and eventually lead to decreases in DOX
release. Moreover, CNCs at high concentrations tend to form a network structure in PLA,
which functions as a physical barrier and dampen the release rate of DOX from the

beads.

Figure 10. Cumulative DOX release versus time for the P1CO, P1C0.33, P1C0.5, and
P1CO0.6 beads at (A) pH 7.4, (B) pH 5.5. Cumulative DOX release for P1C0.7, P1C0.8 and
P1C1 compared with P1CO0.6 release profile at (C) pH 7.4, (D) pH 5.5. (n=4, Two-way

ANOVA, Bonferroni post tests, *p <0.05, **p <0.01, ***p <0.001 or ****p <0.0001)

Release kinetic study. The Korsmeyer-Peppas model (equation 4) was used to study
the release kinetics of DOX from the PLA/CNC beads !'°. The release profiles in Figure 10
were fitted with the model to determine the release exponent n and release rate constant k.
Figure 11 shows the comparative release exponent and release rate constant values, which
were calculated from the linear log-log regression of fractional released drug with time. The
release exponent, n was found to vary between 0.27 and 0.36 at pH 7.4, which suggests that
Fickian diffusion is the principal mechanism of DOX release for all formulations under this
pH condition. At pH 5.5, P1CO still followed Fickian diffusion because their n values were
lower than 0.43. The n values for P1C0.33, P1C0.5, and P1C0.6 were higher than 0.43,
indicating non-Fickian release kinetics for these beads. This observation suggests that
anomalous diffusion of DOX from P1C0.33, P1CO0.5, and P1C0.6 occurred at pH 5.5. This is

likely attributed to the combined effects from normal diffusion and swelling behavior of the



matrix. The dependence of n on the CNC content and pH of the release media indicates that
both hydrophilic components in the polymer matrix, i.e., CNCs and ionizable DOX,
contribute substantially to the release behavior of the beads. Beads with elevated
concentration of CNCs (from P1C0.6 to PICI1 formulations) showed reduction in pore
diameters and strong binding to DOX, which hinder its dissolution and diffusion and reduce

the numerical value or release exponent and the rate constant.

Figure 11. (A) Release exponent (n) and (B) release rate constant (k) calculated from
regression of the Korsmeyer-Peppas model (R?>>0.96) for P1CO, P1C0.33, P1CO0.5,
P1C0.6, P10.7, P1C0.8 and P1C1 bead formulations at pH 7.4 and pH 5.5; (n=6, Two-way

ANOVA, Bonferroni post tests, *p <0.05, **p <0.01, ***p <0.001 or ****p <0.0001)

Mean dissolution time (MDT) was calculated from equation (5) using the values of » and & to
determine the rate and mechanism of DOX release from the beads and estimating the
sustaining efficacy of the composite structure on DOX release %% 13- 136 (Table 6). A low
value of MDT suggests rapid diffusion of the solute through the polymer matrix'®. Both
P1C0.5 and P1C0.6 showed low MDTs at pH 5.5, which indicates rapid diffusion of DOX
through these systems. This observation indicates that CNC concentration promotes the
diffusion due to enhancement in porosity and channels. This result also demonstrates that low
pH media conditions facilitate the rapid dissolution of the DOX. Beads with higher CNC
content (from P1C0.6 to P1C1 formulations) showed elevated MDT values with respect to
P1CO0.5 and P1C0.6 formulations, which is due to reduction in pore diameter and strong

binding interactions between the drug and CNCs.

Formulations MDT (Days)
pH 7.4 pH 5.5




P1CO (1.5540.03) x 107 (8.49+0.01) x 10°  Table  6:
P1C0.33 (4.1940.21) x 10° 5.724+0.92
MDT for
P1CO.5 250.38+11.07 1.0440.04
P1C0.6 50.28+3.31 0.840.1 different
P1C0.7 51.75+1.83 8.75+0.91
P1C0.8 275.88+7.96 23.5842.58 formulation
PI1C1 2015.58+13.92 125.7348.91 .
S (o)

PLA/CNC composite beads at pH 7.4 and 5.5.

Cell viability assay. Since the PLA/CNC beads were found to be a DOX-releasable
system, we set out to determine the cytotoxic effect of the released drug from PLA/CNC
beads against two breast cancer cell lines, i.e., MDA-MB-231 and MCF-7. Before doing this
experiment, we studied the cytotoxic effect of drug-free beads on these cell lines for all
formulations (Figure S6, Supporting Information). None of the compositions of drug-free
beads triggered cytotoxicity against the selected breast cancer cell lines, indicating the
cytocompatibility of the PLA/CNC matrix. For drug-loaded PLA/CNC beads, we selected
P1CO0.6 for cellular studies due to its optimum drug release kinetics compared to other
formulations. First, MDA-MB-231 cells and MCF-7 cells were treated with 1-6 beads of the
P1C0.6 formulation (15 ug DOX per bead, 15-90 pg) and control beads (without DOX), for
24, 48, and 72 h treatment. No cytotoxicity was observed after treating the cells with control
beads during all treatment time points. We observed that the DOX loaded into the beads was

able to suppress cell growth as a function of concentration, number of beads, and exposure



time (Figure 12 and Figure S7, Supporting Information). For example, the cell viability
among all treatment groups decreased significantly as the exposure time of the cells to the
DOX-encapsulated beads was extended from 24 to 72 hours (Figure 12). The amount of drug
released from 1-6 beads after 24, 48, and 72 h was measured and shown in Figure S7
(Supporting Information). It was found that the amount of drug released in media from the
beads was able to reach an ICso value (6.59 +£0.29 M) within 72 h, and therefore, for MDA-
MB-231 cells, a minimum of 60 ng DOX-loaded P1C0.6 beads (i.e., 4 beads containing 15
pg DOX per beads) was required. Cell viability results for the MDA-MB-231 cell line
demonstrated that after treating the cells with 90 pg of DOX-loaded beads (6 beads
containing 15 ng DOX per beads), the formulation was able to kill approximately 74.5% of
MDA-MB-231 cancer cells after 72 h of treatment. Similarly, for MCF-7 cancer cells, it was
found that to reach I1Cso value (8.29 +£0.56 uM) within 72 h, 75 pg DOX-loaded P1C0.6 bead
(5 beads containing 15 pg DOX per beads) was required. We observed that when 90 pug of
DOX was loaded into PLA/CNC beads (6 beads containing 15 pg DOX per beads), the
formulation was able to kill approximately 60.8% of MCF-7 cells after 72 h compared to

untreated control (cells treated with media alone).

Figure 12. Cytotoxicity profile of the DOX-loaded P1C0.6 formulation for a treatment
duration of 24 h, 48 h and 72 h on (A) MDA-MB-231 and (B) MCF-7 breast cancer cell
lines 1-6: number of beads that were used for the cytotoxicity studies, Plain indicates
control beads of the P1C0.6 formulation not loaded with DOX. (n=5, Two-way ANOVA,

Bonferroni post-tests, *p < 0.05, **p <0.01, ***p <0.001 or ****p <0.0001)




Cellular uptake study by confocal microscopy. The cellular uptake of a DOX-
loaded P1C0.6 formulation of PLA/CNC beads was evaluated in MDA-MB-231 and MCF-7
(Figure 13 A-B) using confocal microscopy. Both cell lines were treated with 6 DOX-
containing beads (64 ng DOX per bead, 384 pg) to reach the ICso equivalent DOX released
from the beads in media after 3 and 6 h. The fluorescence intensity of the images was

137 After quantifying the fluorescence integral

normalized with respect to the number of cells
density of the images by Image J software, we observed that the integral density of DOX
accumulated within MDA-MB-231 cells after 6 h treatment was 3.8 times higher than those
treated for 3 h (Figure 13 A’ and B’). Such time-dependent cellular uptake of DOX was also
observed for MCF-7 cells. This experiment suggests that the composite beads were not only

able to release DOX within the cellular environment, but the liberated drug was also able to

translocate inside cells to trigger its cognate cytotoxic effects.

Figure 13. Fluorescence microscopic images (A) MDA-MB-231 cells and (B) MCF-7
cells with P1C0.6-DOX loaded beads for 3h and 6h. Quantitative fluorescence integral
density for (A’) MDA-MB-231 cells and (B’) MCF-7 cells (n=6, Two-way ANOVA,

Bonferroni post-tests, *p <0.05, **p <0.01, ***p <0.001 or ****p <0.0001)

Quantification of cellular uptake of CNC beads by FACs. We further quantified
the cellular internalization of the beads by flow cytometry in MDA-MB-231 cells. The
percentage of cellular uptake was determined in this cell line upon treatment with DOX-
loaded PLA/CNC composite beads of the P1C0.6 formulation for 3 h and 6 h. We observed

that 75.3% of cells showed DOX uptake after 3 h of incubation, whereas 88.2% of cells



showed drug uptake after 6 h incubation with beads, compared to untreated cells (Figure 14

and Figure S8, Supporting Information).

Figure 14. In vitro cellular uptake study of DOX-loaded PLA/CNC (P1C0.6) composite
beads in MDA-MB-231 cells quantified by flow cytometry. The data shown are

representative of three individual samples.

Mechanism of cell death by treatment with DOX-loaded PLA/CNC composite
beads. DOX-loaded P1C0.6 showed the highest cytotoxicity towards MDA-MB-231 among
all the tested bead formulations. It is important to understand the mechanism of cell death. As
our earlier experiments for cytotoxicity and cellular uptake studies showed that the liberated
DOX indeed translocated and suppressed cell growth, we hypothesized apoptosis to be one of
the major pathways for cell death. Since the loss of mitochondrial transmembrane potential is
one of the major characteristic features of apoptosis, we set out to measure this potential
using cationic, lipophilic, fluorescent dye JC-1. In normal cells JC-1 can easily enter
mitochondria and form J-aggregate, which reflect a green fluorescence (590 nm). On the
contrary, in apoptotic cells, JC-1 cannot enter mitochondria and remains in the cytosol in its
monomeric form that emits red fluorescence (530 nm). The green fluorescence was estimated
using Filter 2 (FL2) and the red fluorescence was measured using Filter 1 (FL1) as shown in
Figure 15. Thus, by measuring the time-dependent change of the fluorescence intensity, we
observed a shift in the percentage of normal to apoptotic cells, after 24, 48, and 72 h post-
incubation with the DOX-loaded beads, suggesting the induction of apoptosis in MDA-MB-

231 cells by a mitochondrial-dependent pathway (Figure 15).



Figure 15. Induction of a mitochondrial-dependent pathway of apoptosis by PLA/CNC
composite beads in MDA-MB-231 cells. Data are representative of triplicate

measurements.

Polymer stability study in plasma. Since the fabricated PLA/CNC beads are
intended for post-surgical implantation inside tissue, it is critical to understand the effect of
plasma on bead morphology and microstructure. Therefore, we incubated DOX-free beads of
P1CO, P1C0.6, and P1C1 formulations for 5 days (120 h) in mouse plasma under constant
stirring at 37°C. Post incubation, SEM studies were conducted on these beads. As shown in
Figure 16 (A1-C3), while P1C1 beads demonstrated a slight degree of surface degradation,
most likely due to swelling of CNCs, P1C0 and P1C0.6 did not show any signature of surface

degradation over time.

Figure 16. SEM images of the outer surface and cross sections of the mouse plasma treated
(5 days) PLA/CNCs composite beads (without DOX). A1-A3: P1C0, B1-B3: P1CO0.6, C1-
C3: P1C1 at three different magnification levels (i.e., x30, x300, and x1,800); (D) Drug
release profile of P1C0.6 DOX-loaded bead and free DOX in mouse plasma for 5 days; E1-
E2: SEM images of the outer and cross sections surface DOX-loaded P1C0.6 bead after 5

days of drug release in mouse plasma.

We also showed that, DOX-loaded PLA/CNC beads (P1C0.6 formulation) released
DOX in mouse plasma in a tightly controlled kinetics (Figure 16D). Approximately 37% of
loaded DOX was released after 5 days of exposure in mouse plasma. This result

demonstrated that the drug release profile was stable and did not show any sudden drug



release due to polymeric breakdown. SEM image on collected DOX-loaded P1CO0.6 bead on
5™ day showed no sign of surface degradation (Figure E1-E2). These experiments indicated
that it is possible to design drug-loaded PLA/CNC composite beads with adjustable stability
in mouse plasma by optimizing the PLA to CNC ratio for achieving desirable release kinetics

of any bead-encapsulated contents.

Functional efficiency of drug-loaded PLLA/CNC beads in patient-derived cancer
tissue: Formalin-fixed and paraffin-embedded tissue sections of PDX PDAC tumor chunks
treated with drug-free (plain) beads (n=4) or DOX-loaded beads (n=4) were stained for the
cell proliferation marker, Ki-67. As expected, tumors treated with plain beads had more Ki-
67 positive cells (Figure 17A; green staining) than those treated with DOX-loaded beads
(Figure 17B), indicating that the drug-loaded beads were able to inhibit tumor cell
proliferation in an ex vivo tissue model. These data suggest DOX was successfully released
from the beads over a period of four days and was able to penetrate the 3D tumor tissue to
induce cellular DNA damage and reduce cell proliferation. Additionally, Figure 17C shows
the percentage of Ki-67 positive cells with respect to the total number of DAPI (nucleus)-
stained cells in each tissue section using the image processing program, Imagel. These data,
although not statistically significant owing to a smaller sample size, suggest that the DOX-

loaded beads are effective at inhibiting cell proliferation in a 3D tumor.

H&E staining was also performed to test the integrity of the tumor architecture after
four days of treatment with drug-free or DOX-loaded beads. Representative H&E images
from the two treatment groups (Figure 17D) show that the tissue sections obtained from
tumors treated with plain beads (i) have clusters of pancreatic ductal adenocarcinoma cells. In
contrast, the tissue sections obtained from tumors treated with the DOX-loaded beads have a

reduced number of cancer cell clusters. These data, along with the Ki-67 images, are an



indication that the beads carrying DOX were able to release the drug in a controlled manner

over a period of 4 days and reduce tumor cell proliferation.

Figure 17. Effect of DOX-loaded beads on proliferation and integrity of human PDAC
tumors. Immunohistochemistry for Ki-67 (green staining) was performed for 4 replicates
each of human PDAC tumor chunks treated with (A) drug-free/plain beads and (B) DOX-
loaded beads. DAPI (blue staining) was used to detect the nucleus of each cell and the
merged 1mages and (C) quantification of the staining showed greater abundance of Ki-67
(cell proliferation) in control-treated tumors compared to DOX-treated tumors. (D) A
greater number of tumor cell clusters (red arrows) were observed in the representative

images of the H&E-stained tumor sections for (i) plain beads compared to (ii)) DOX-

Conclusion. We demonstrated the feasibility and performance of CNC-reinforced
PLA beads as a depot-type controlled release formulation. We provided proof-of-principle for
the system using DOX as a model frontline chemotherapy using cancer cell lines and patient-
derived tumor tissue. Our study showed that CNCs could be a suitable material to include in a
polymer matrix intended for formation of an implantable drug releasing system. Structural
analysis of our CNC-containing drug-releasing beads confirmed that combination of porosity
and mechanical strength jointly governed drug release kinetics from the system. The amount
of CNCs plays a pivotal role in the performance and stability of the beads. The formulations
with optimized ratios of PLA and CNCs within the beads can be used for adjusting the
release kinetics of bead-entrapped drug molecules. We observed that PLA/CNC beads release
drugs in their bioavailable form, which can be internalized by cancer cells. Further, the beads
are effective at inhibiting tumor cell proliferation in a 3D tissue model. We are currently

working on pharmacokinetic and pharmacodynamic evaluation of these systems under in



vivo conditions. We envision that the PLA/CNC beads can be used for the development of

surgically-implantable, prolonged-release drug delivery systems.
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