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Sustainable nanomedicine is an emerging field aiming to address the challenges of scalability, reproduci-
bility, thermal stability, and excessive waste generation for nanotherapeutic manufacturing. Bacterial cell-
ulose (BC) fibers have the potential to overcome these challenges and be a versatile drug delivery plat-
form. Here we report the development of BC nanoparticles (BCNPs) for sustainable drug delivery appli-
cations motivated by the material's biodegradability upon environmental disposal and biocompatibility,
which are important properties for nanomedicine applications. In addition, BCNPs formulation has a
reduced environmental impact, an overall eco-friendly life cycle, and can be implemented following
green engineering principles. In this study, we fabricated BCNPs grown in a kombucha medium in agitated
and aerated conditions for 24 h and size separated using centrifugation and polysorbate 80 as a surfac-
tant. The produced particles are approximately 100 nm in diameter and have a slightly negative zeta-
potential and predominantly amorphous morphology. We also investigated the growth of BC fibers after
1, 3, and 5 days and evaluated the BC's time-dependent physicochemical properties using X-ray diffrac-
tion, Fourier transform infrared spectroscopy, and thermogravimetric analysis. We report primarily amor-
phous BCNPs obtained after culturing for 1 day, while longer culture duration leads to larger BC particles
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comprised of fibers with increasing degree of crystallinity. Moreover, we show BCNPs are thermally stable
up to 90 °C. We performed proof of concept studies to show drug loading capability by incorporating
bovine serum albumin (BSA) as a model drug and quantified sustained release of BSA. These results
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1. Introduction

Within the pharmaceutical industry, nanomedicine is a rising
sector where manufacturing is a major issue. By 2030, the
global nanomedicine market is projected to be a $427-billion-
dollar industry driven by continued investment in the develop-
ment of novel drug delivery systems and an increasing
demand for safe and affordable therapeutics.' The state of the
art materials being used for these applications are synthetic
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further motivate the use of BCNPs as a promising nanotherapeutic platform.

polymers derived from nonrenewable petroleum resources
such as poly(glycolic acid) (PGA) and poly(lactic-co-glycolic
acid) (PLGA) and lipids.>™ Advantages of synthetic polymers
and lipids are the tunability of mechanical properties and
degradation kinetics, batch reproducibility, and consistency.>’
However, not only are these synthetic feedstocks non-renew-
able, but they often require use of organic solvents during
their synthesis and processing which then need to be disposed
of appropriately.® These solvent disposal processes create
further environmental challenges, particularly in terms of gen-
erating waste streams associated with undesirable environ-
mental impacts of the therapeutic products.” The field of sus-
tainable nanomedicine aims to circumvent these harmful
effects of traditional nanotherapeutics by eliminating solvent
use and adopting and green engineering
methodologies.

Cellulose, the most abundant renewable natural polymer,
has been studied in the nanomedicine industry for biomedical
and drug delivery applications.® It is a biocompatible polymer
that is naturally excreted as waste from the human body, yet
exhibits biodegradation upon environmental disposal, which

low-waste
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enables a less harmful end-of-life fate compared to non-bio-
degradable alternatives. Most studies utilize plant biomass-
sourced cellulose where there is a need for extraction which
requires solvent processing and significant energy consump-
tion for mechanical defibrillation and chemical extraction.’
Alternatively, cellulose can be produced as an extracellular
product by some bacterial species in specific culturing
conditions.®'® The key benefit of bacterial cellulose (BC) is
that it is the only product of that biosynthesis process and
therefore there is no need to extract and chemically treat the
resulting biomass to isolate cellulose fibers.

However, the large-scale production of BC has been a long-
standing challenge. Key limitations include the cost of
materials, with growth media accounting for about 50-65% of
the total cost,’* the energy expenditure required to maintain
optimal growth conditions'* and the often limited and incon-
sistent yield, which consequently restrict product reproducibil-
ity."® To address these challenges, prior studies have proposed
various strategies. For instance, industrial applications
employing low-temperature microbial cultures have been
explored to reduce energy consumption.'>'® Furthermore,
there has been research into utilizing agricultural waste, such
as fruit peels and juices,'” wastewater,"> or other low-cost
carbon sources, such as glycerol remaining from biodiesel pro-
duction" to reduce material costs. Additionally, co-cultures
consisting of acetic acid bacteria and lactic acid bacteria have
shown promise in enhancing cellulose yield and improving
the limitations of batch to batch variability.'>'?

BC has also been produced in an aqueous and low-cost
sugar-based medium, known as a kombucha, from certain bac-
terial strains co-cultured with yeast species.’® BC grown in
such co-cultures has several advantages: (1) it is produced in
mild conditions with no pressure, specific gas flows, or steri-
lity required, which are distinct advantages over single strain
cultures; (2) BC production uses a metabolic, fossil-free
process, where the only product of the bacterial cultures is BC,
(3) the co-culture creates an environment that restricts the pro-
liferation of certain contaminants, especially fungi'” and (4) it
is produced at a commercial scale.'®'®'® For these reasons, BC
is an emerging biopolymer platform used in engineering and
biomedical applications."®

To date, BC has primarily been used in the drug delivery
field for transdermal applications, where BC films are pre-
pared for use in antimicrobial wound healing and dressing,
and face and eye masks for anti-aging and scarred skin
rejuvenation.’®”>* Spherical BC particles with diameters in the
0.5-1.0 mm range have also previously been reported to enable
a controlled drug release and exhibit antibacterial properties
for tissue engineering and drug delivery applications.®'®*>7
Despite the drug delivery potential demonstrated by BC micro-
particles, their application for long-circulation times and deep
tissue penetration is limited due to their size. For injectable
drug delivery systems, a nanoscale BC particle would provide
longer circulation times, improved bioavailability and biodis-
tribution, and greater targeted delivery through increased
tissue penetration and cell specific uptake. Therefore, here we
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aim to create BC in nanoparticle form, by controlling the
growth of cellulose, to leverage the opportunity to expand the
utilization of BC as a drug delivery platform.

In order to grow BC nanoparticles, we must understand
that the BC growth occurs as self-assembled cellulose chains
extracellularly extruded from certain types of bacteria such as
Gluconacetobacter xylinus, formerly known as Acetobacter
xylinum, a Gram negative bacterium.’ The cellulose chains are
arranged in a parallel configurations stabilized by inter-
molecular bonding (hydrogen bonding, van der Waals inter-
actions) forming elemental fibrils which subsequently bundle
to form fibers.® Elemental BC fibrils from Gluconacetobacter
xylinus have high crystallinity (up to 80%) with a cross-sec-
tional thickness of 6-10 nm. Elementary fibrils bundle to form
larger fibers with reported thicknesses ranging from 30-80 nm
and lengths up to several microns.” Depending on the culture
conditions, the yield, morphology, structure, crystallinity, and
degree of polymerization of the BC fibers can be altered and
controlled.® Incubation in static conditions enables the for-
mation of a layered 3D-network of BC fibers, called a pellicle,
in which the interlayer connectivity is facilitated by entangled,
randomly oriented BC fibers. Agitated culture conditions, on
the other hand, utilize centrifugal forces to bundle the
growing cellulose fibers into spherical-like particles. In both
static and agitated culture conditions, the high degree of crys-
tallinity, high fiber aspect ratio, and the absence of other poly-
mers as extracellular components of the produced pellicle or
spherical particle, serve as key advantages for the produced BC
as compared to plant-derived cellulose.

Here, we leverage agitated culture conditions to develop BC
nanoparticles (BCNPs) and discuss their performance as a
drug delivery platform. To bridge the gap between laboratory-
scale production and scaled-up manufacturing to make BCNPs
a more feasible solution for widespread applications in nano-
medicine, we use an industrially scalable bacterial-yeast co-
culture platform (Symbiotic Cultures of Bacteria and Yeast,
SCOBY). To demonstrate the drug loading capacity of BCNPs,
we used bovine serum albumin (BSA) as a model drug. BSA is
a low cost, biodegradable, and biocompatible protein thera-
peutic with a high aqueous solubility and can be easily surface
modified.?”?® Our results aim to serve as the foundation for
producing BCNPs to be used as sustainable natural polymer
carriers for delivery of protein therapeutics.

2. Materials and methods

2.1. BCNPs preparation, endotoxin removal, and size
separation

BCNPs were prepared in agitated and aerated conditions in a
kombucha medium on an orbital plate shaker at 150 rpm and
30 °C (Fig. 1A). The tea media was prepared with 1 L of nitro-
gen sourced black tea (Lipton Classic - black tea bags,
Englewood Cliffs, NJ, USA) steeped for 5 min in hot deionized
(DI) water, 200 g white pure cane sugar (Domino Sugar,
Yonkers, NY, USA), and 20 mL apple cider vinegar (Bragg
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B. Terminate growth and remove bacteria and excess media
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Fig. 1 BCNPs synthesis and preparation for drug loading applications: (A) growth process of BC in a kombucha medium and agitated for 24 h, (B)
termination of growth and isolation of BCNPs, (C) endotoxin removal from BCNPs, (D) application of surfactant solution and particle size separation,

and (E) drug incorporation process. Created with Biorender.com.

Organic, Santa Barbara, CA, USA). SCOBY were purchased
from Joshua Tree Kombucha (Joshua Tree, CA, USA), and its
contents were separated by membrane (pellicle) and liquid,
both containing microbial co-cultures (Fig. S11). 23 mL of tea
media and 2 mL SCOBY liquid were added to a 250 mL
Erlenmeyer flask and placed on a plate shaker for 24 h.
Agitation enables the synthesized cellulose fibers to take a
spherical shape, rather than pellicle form.'®'® At 24 h, 0.1 M
sodium hydroxide solution (NaOH, Thermo Fisher, Waltham,
MA, USA) is titrated into the kombucha media to a slight
excess to terminate the growth of cellulose.'®'® The BCNPs
were harvested from media with vacuum filtration and cleaned
from excess media and NaOH via dialysis tubing made of cell-
ulose ester (MW cutoff: 3 kDa, Spectrum Laboratories, Inc.,
San Francisco, CA, USA) for 24 h (Fig. 1B). A 100 K centrifugal
tube filter centrifuged at 4000 rpm for 25 min was used to sep-
arate BCNPs from solution.

2.2. Endotoxin removal and endotoxin quantification assay
for BCNPs

To remove the endotoxins from BCNPs (Fig. 1C), 25 mL of
0.1% Triton X-114 (TX-114, Thermo Fisher, Waltham, MA,
USA) were added to the BCNPs and incubated overnight at
4 °C on a RotoBot R4045 standardized sized tube rotator
(Stellar Scientific, Baltimore, MD, USA). The BCNPs and
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TX-114 solution were centrifuged at 100 000 rcf for 30 min, col-
lected, and washed with 1.5 mL of DI water three times at
15 000 rpm for 30 min. The collected BCNPs were next washed
with 1.5 mL of endotoxin-free ultra-pure water (Sigma-Aldrich,
St Louis, MO, USA) 10 times at 15000 rpm for 30 min. To
quantify the endotoxin units per milliliter (EU mL™"), a
Pierce™ Chromogenic Endotoxin Quant Kit (Thermo Fisher,
Waltham, MA, USA) measured the supernatant after the last
wash step. Prior to assay analysis, the supernatant was filtered
with a 200 nm syringe filter, dilute 1:50 in endotoxin free
water, and filtered with a 200 nm syringe filter.

2.3. BCNPs size separation

To size separate further, 1 mL BCNPs suspended in water were
centrifuged and the supernatant was removed. The BCNPs were
bath sonicated with 500 pL of 0.1 M polysorbate 80 surfactant
solution (P80, Thermo Fisher, Waltham, MA, USA) and size fil-
tered with a 200 nm syringe filter until further use (Fig. 1D).

2.4. BCNPs size and zeta potential characterization

The particle size was measured by nanoparticle tracking ana-
lysis (NTA, NanoSight Malvern PANalytical, Salisbury, UK) at
23.9-24.1 °C (n = 5) and zeta potential ({-potential) was deter-
mined using a {-potential analyzer (NanoSizer Zeta Series,
Malvern Instruments, Malvern, UK) at 37 °C. Samples were

© 2024 The Author(s). Published by the Royal Society of Chemistry
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diluted to a 1: 100 ratio (sample to DI water) from a batch con-
centration of ~5 mg mL™'. To accurately measure the
C-potential, 5 uL of 10 mM sodium chloride (NaCl, Sigma-
Aldrich, St Louis, MO, USA) was added to the dilute samples.

2.5. Scanning transmission electron microscopy (STEM)

To prepare BCNPs for STEM, the samples were diluted to
1:200 ratio (sample to DI water) from batch concentration.
BCNPs were adsorbed on a 200-mesh carbon film grid (Fisher
Scientific, Waltham, MA, USA), negatively stained with uranyl
acetate replacement electron microscopy stain (UAR-EMS,
Electron Microscopy Sciences, Hatfield, PA, USA), and then
washed in DI water. Samples were prepared and imaged on the
Tecnai G2 F20 SuperTwin TEM (Field Electron and Ion
Company, Hillsboro, OR, USA).

2.6. BC particle 3-day and 5-day preparation

BC particles were grown for 3-day (3d) and 5-day (5d) time-
points in a kombucha medium and in agitated and aerated
conditions, as mentioned in section 2.1. At the 3d and 5d
timepoints, the BC particles were separated from media via
gravity filtration and then washed with 0.1 M NaOH and water
to terminate the cellulose growth. Particles were placed in
dialysis tubing (MW cutoff: 3 kDa, Spectrum Laboratories,
Inc., San Francisco, CA, USA) for 24 h to fully remove excess
media and NaOH, and then were left suspended in water.

2.7. Light microscopy

A Motic Panthera TEC-BF light microscope (Motic, Kowloon
Bay, Hong Kong) equipped with a 5x objective was used to
conduct particle size measurements of the 3d and 5d BC par-
ticles (n = 20). The Feret’s particle diameter was measured for
3d and 5d particles (n = 20).

2.8. BC growth curve measurement

To measure the mass of BC particles over time, the collected
particles were gravity filtered and weighed before and after air-
drying (n = 3 technical replicates).

2.9. Scanning electron microscopy (SEM)

The particles were air-dried individually on a silicon wafer
(University Wafer, Inc., Boca Raton, FL, USA) and placed on an
aluminum stub (Ted Pella, Inc., Redding, CA, USA) with a
piece of carbon tape (Ted Pella, Inc., Redding, CA, USA). The
samples were then sputter coated with platinum on a Coater
Leica-ACE600 (Leica Microsystems, Wetzlar, Germany) and
imaged on a Thermo-Apreo-S SEM (Thermo Fisher Scientific,
Waltham, MA, USA).

2.10. Atomic force microscopy (AFM)

Particles were ultrasonicated using a Fisher Scientific Model
505 probe sonicator (Thermo Fisher, Waltham, MA, USA) and
diluted to an approximate weight percent of 0.1% with Mili-Q
water (EMD Millipore, Burlington, MA). 60 pL of the sample
solution were subsequently dropped onto a freshly cleaved
mica (Ted Pella, Redding, CA), and naturally dried in a clean

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and dry environment, facilitating the adsorption of the samples
onto the mica substrate. The samples were imaged on a
Dimension Icon AFM (Bruker Corporation, Billerica, MA) using
tapping mode. The Multi75-G AFM probe (Budget Sensors,
Sofia, Bulgaria) with a force constant of 3.0 N m™" and a reso-
nance frequency of 75 kHz was utilized for the imaging. The
offline data processing was done with NanoScope Analysis
(Bruker Corporation, Billerica, MA). To measure the fiber thick-
ness (n = 27-70 measurements from 3-5 technical replicates),
height measurements were conducted and adjusted by compar-
ing points on the same fiber, subtracting overlaps when
present, to estimate the closest approximation to the true value,
with a preference for non-stacking areas.

2.11. BCNPs chemical and physical characterization

To prepare BCNPs for Fourier Transform Infrared Spectroscopy
(FTIR), X-ray diffraction (XRD), and thermal gravimetric ana-
lysis (TGA), the samples were lyophilized using Labconco
FreeZone 2.5 Plus 2.5 Liter Cascade Benchtop Freeze Dry
System (Labconco Corporation, Kansas City, Missouri, USA).
Samples were analyzed using a ThermoNicolet iS10 FT-IR
instrument (Thermo Fisher, Waltham, MA, USA) where spectra
were collected in the 4000 to 400 cm™' range with 20 scans
and 4 cm™" resolution. XRD was analyzed on a D8 Advance
XRD (Bruker Co., Billerica, MA, USA) using a Cu/Ka radiation
source wavelength of 1.5418 A, accelerating voltage of 40 kv,
and filament emission of 40 mA. The degree of crystallinity,
X., was calculated using Segal’s method (eqn (1)).*° I is the
crystalline peak intensity (at ~22.8°) and I, is the amorphous
peak intensity (at ~18°) after the background signal is sub-
tracted. The apparent crystallite size, D, is also calculated for a
specific plane orientation (26) using the Scherrer equation
(eqn (2)) where 2 is the wavelength of incident radiation, k is a
dimensionless shape factor set to 1, and f is the full width at
half maximum intensity of the peak corresponding to the
crystal orientation in question.'®

X (%) = fe 1_ L 100 (1)
kA
- pcosé )

TGA was performed on a TA Discovery TGA 550 instrument
(TA Instruments, New Castle, DE, USA) from 25 to 1000 °C at a
heating rate of 10 °C mL™", and under nitrogen atmosphere of
25 mL min~" to prevent thermoxidative degradation.

2.12. Drug incorporation with BCNPs

BSA (Thermo Fisher, Waltham, MA, USA) was the model drug
incorporated into BCNPs (Fig. 1E). Phosphate buffer solutions
(PBS, Thermo Fisher) containing 0.25 mg mL™", 0.5 mg mL ™",
and 1.0 mg mL™" BSA, respectively, were prepared. 1 mL of
each solution was added to 0.5 mL of size separated BCNPs
with P80 surfactant (BCNPs/P80-BSA at a concentration of
10 mg mL™"). Thus, the 3 prepared BCNPs/P80-BSA solutions
contained 4.8, 9.1 and 16.7% (w/w) BSA, respectively. The

RSC Appl. Polym., 2024, 2,172-183 | 175
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BCNPs/P80-BSA solutions were incubated for 2 h at ambient
temperature on an orbital rotator mixer and collected and
washed in DI twice at 15 000 rpm for 25 min via centrifugation.
The supernatant was collected from each wash and combined
for BSA quantification using bicinchoninic acid (BCA) protein
assay kit (Pierce BCA Protein Kit, Thermo Fisher, Waltham,
MA, USA).

2.13. Bicinchoninic acid assay to quantify BSA in BCNPs

The supernatant samples from the 3 prepared BCNPs/P80-BSA
solutions were added to a 96-well microplate containing the
BCA standard solutions and BCA reagents from the BCA assay
kit. The BCA assay was measured using Ultraviolet-visible (UV-
vis) spectrometry (BioTek Synergy H1 Microplate Reader,
Fisher Scientific, Waltham, MA, USA) at 562 nm. A calibration
curve was created by measuring the absorbances of BCA stan-
dard solutions and known BSA concentrations. The super-
natant of non-BSA incorporated BCNPs served as a control.
The BSA drug loading (DL) and encapsulation efficiency (EE)
of the BCNPs were calculated using the following equations:*°

DL(%) =

Weight of BSA encapsulated in BCNPs

: p : — % 100%
Weight of BCNPs + Weight of BSA used in formulation 0

(3)

Weight of BSA encapsulated in BCNPs
Weight of BSA used in formulation

EE(%) = x 100% (4)

The particle size and C-potential were measured as
described in section 2.2. From the NTA results, the polydisper-
sity index (PDI) was calculated using the following equation
where o is the standard deviation of the mean particle dia-
meter and d is the mean particle diameter:*!

o\ 2

PDI = (E) (5)

2.14. Invitro drug release profile

BCNPs/P80-BSA were resuspended in 1 mL of phosphate buffer
solution (PBS) and placed in dialysis tubing (MW cutoff:
3 kDa, Spectrum Laboratories, Inc., San Francisco, CA, USA).
The dialysis membrane was submerged in 20 mL of pH 4.5
PBS containing 1% P80 surfactant solution (Thermo Fisher,
Waltham, MA, USA), ratio 100: 1, in a 250 mL Erlenmeyer flask
and placed on an incubated plate shaker at 90 rpm and
37 °C.*° At the designated timepoints, the PBS/1% P80 solu-
tion with BSA was collected and fresh PBS/1% P80 was
replaced for the next time point. BSA released at each time-
point was quantified using a BCA assay measured on UV-Vis
spectrometry. The percent of BSA released by BCNPs at each
timepoint was calculated using the following equation:*°

BSA Release(%) =
Cumulative Weight of BSA released at timepoint
Total Weight of BSA in BCNPs

(6)

x 100%
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3. Results and discussion

3.1. BCNPs growth and morphological observations

BCNPs were prepared by bacteria co-cultured with yeast cells
(see Methods section 2.1). Photographs of the culture flasks
taken every 24 h until day 5 show that early-stage formation of
BC can be visually observed from the 2-day timepoint when
distinct particles have started to form (Fig. 2A). Further aggre-
gation of the observed particles becomes apparent at 4-day and
5-day as macroscopic particles are formed. The average particle
diameter was 206.9 + 56.2 nm, 1.04 + 0.187 mm, and 1.535 +
0.644 mm for the BC 1 day (1d, Fig. 2B), 3d, and 5d particles
respectively (Fig. S31). It is noted that for 1d the average par-
ticle diameter was measured for n = 12 particles where par-
ticles that appeared aggregated, such as the three particles in
Fig. 2B, were measured individually. For 3d and 5d, the
average diameter is measured for n > 20 particles. The micro-
graphs show that all collected particles (1d, 3d, and 5d) are
comprised of randomly oriented BC fibers that form a porous
nanofibrillar network as an extracellular matrix. The SEM
images of the macroscopic 3d and 5d particles show the dis-
tinct BC fiber bundles that form large sheets as the particles
are dried on the imaging substrate (Fig. 2C). The BC fiber
bundles observed in Fig. 2C extend further than the field of
view, suggesting that they are at least tens of microns in
length. High-magnification AFM images (Fig. 2D) showed the
cellulose fiber morphology and revealed stark differences with
increasing growth time. In BC 1d images, only a limited
number of individual fibers, comprised of fibrils with a thick-
ness of 3.358 (+1.684) nm, are present. The fibers are arranged
in a mesh-like network (Fig. 2Di). After 3d and 5d, the average
thickness of elementary fibrils was measured to be 7.395
(£3.595) nm and 12.182 (+4.057) nm respectively. Analysis of
the measured fibril thicknesses (Fig. 2E) shows that both the
average fibril thickness and the variation in fibril thickness
increase with time. Therefore, the elemental fibrils available at
a given time have increasingly larger thickness distributions as
growth time increases. Unlike the mesh-like network observed
for 1d BC, the fibrils observed for 3d (Fig. 2Dii) and 5d
(Fig. 2Diii) BC are assembled into fibers of increasing thick-
ness. At both 3d and 5d, fibers can be observed that appear to
be directly formed from intertwined elementary fibrils. There
are also fibers present, especially at 5d (Fig. 2Diii), that are
formed from bundles of these intermediate fibers, demonstrat-
ing the true hierarchical nature of BC. The size of these fiber
bundles increases from 15.481 (+2.835) to 19.834 (+2.946) nm
between 3d and 5d. These results collectively show that over
the 5-days of monitored culture, BC fibrils increase their thick-
ness and intertwine to form thicker and longer fibers which
ultimately aggregate to form spherical-like particles. The dia-
meter of these particles increases from a few hundreds of
nanometers (1d) to a few millimeters. It’s possible that for
short growth times (1d) shear forces associated with agitation
prevent the formation of organized fibers above a critical
threshold that would promote hierarchical fiber formation,
and instead, the distinct mesh-like network morphology is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 BC growth at timepoints: 1d, 3d, and 5d: (A) Photographs of the culturing flasks at 24 h timepoints until 5-day (all scale bars are 5 mm). (B)
STEM image of BC 1d, (C) SEM images of BC 3d and 5d, (D) AFM images of BC (i) 1d, (ii) 3d and (iii) 5d, and (E) histogram of the fibril diameter distri-

bution for 1d, 3d, and 5d measured in the AFM data.

favored. However, given sufficient time (3d and 5d), it is appar-
ent that the BC will preferentially assemble, as expected, to
form the hierarchical fibers of increasing magnitude. Thus,
our insights shed light into the different fiber arrangements
obtained for short (1d) versus longer (3d-5d) culture durations.

The BC yield data (wet and dry mass) over the growth
period of 5 days are presented in Fig. 3. We fit the measured
data with a logistic growth model in which biomass (M) is
plotted as a function of time (¢):

%4 - rM<1 7¥> 7)

K is the upper horizontal asymptote (measured maximum
value of biomass) and r is the fitted parameter associated to
the growth rate. The absolute growth rate (AGR) is calculated
using eqn (8).

rMpKe " (K — M)

AGR = .
(MO + e_rt(K — M()))

(8)

While data was only collected at 24 h increments, the logis-
tic fit extrapolates the mass growth, and thus the AGR, to time
= 0. The growth rate parameter (r) observed for dry BC (r =
0.97) is greater than that previously reported for BC grown in a
static culture (r = 0.55).>” This is consistent with additional
findings that BC production can be increased by agitation for
some bacteria species. It should be noted that the logistic fit
for dry mass growth projects the maximum value of biomass
to be 0.32 g. However, it is difficult to determine if the AGR

© 2024 The Author(s). Published by the Royal Society of Chemistry

has truly passed its peak based on the raw data.>® The mass
measurements show that the wet biomass AGR starts from
approximately 0.2 and is maximized at 0.6 g per day between
days 1 and 2. From that point on it is projected to decrease
and level off after day 4. On the other hand, the dry biomass
growth rate shows a symmetric curve peaking at 0.2 g per day
on day 3. Between day 3 and 4 of growth, the ratio between the
AGR of dry and wet mass (dry:wet) surpasses 1.0 and
increases nonlinearly until data collection ended (Fig. 3C). We
note that the ratio between the dry and wet mass also began to
increase significantly between day 2 and the end of the experi-
ment. This difference may be related to the water holding
capacity of BC. After a critical point (~2 days), it’s possible that
the interfibrillar density of growing BC particles increases
more rapidly than particle volume, thereby decreasing avail-
able volume for water holding.*® This would explain the
increase of dry:wet mass and AGR ratios with increasing
growth time. The water holding capacity of BC is also reflected
by the intense fiber network paired with a swelling behavior
from its porosity and high tensile strength that demonstrate
BC’s biological and mechanical properties.*® The reported
deviations, both in terms of yield and in terms of fiber thick-
ness, reflect the inherent variability of the material and the
chosen culture conditions.

3.2. Structure and physical properties of BCNPs

The structural and thermal properties of BCNPs were com-
pared to BC particles grown for 3d and 5d. XRD, FTIR, and
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(A) The growth of BC (grams) wet mass and dry mass as a function of growth time (days) with logistic growth fit curves and corresponding

equations. (B) The AGR of wet and dry BC mass plotted as a function of time on opposing axes. (C) The ratio of dry to wet mass (dry : wet mass) at
each recorded time point plotted against the ratio of the dry AGR to the wet AGR (dry : wet AGR) at all times 0—6 days.

TGA were used to identify the crystallinity, chemical bonding,
and thermal behavior of the BC particles. XRD patterns of the
BCNPs grown for 1d (Fig. 4A) show broad, indistinct peaks at
18-19° and 30-35° 26. The lack of sharp, salient peaks in the
diffraction pattern indicates that while some nanocrystalline
regimes may exist, the BCNPs are predominantly amorphous.®>~®
The formation of nanocrystalline cellulose is more evident for
particles grown for 3d and 5d as the characteristic peaks at
~15° 26 (corresponding to (110) and (110) I; planes) and 22.7°
20 (corresponding to (200) I; plane) are detected.>”** Cellulose

A. : : g :
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I diffraction planes are used herein to denote specific peaks
although likely both I, and Iz polymorphs coexist. In the
absence of high temperatures, the alkaline conditions used to
purify bacteria cellulose particles are not harsh enough to sig-
nificantly reduce the I, content.” The degree of crystallinity cal-
culated for BCNPs, and the BC particles grown for 3d and 5d
are 37.8%, 76.6%, and 81.5%, respectively. The crystallite sizes
for the (200) crystallographic planes are 3.29 and 4.80 nm
respectively for the 3d and 5d particles, indicating that both
crystallinity and crystallite size increase with time. The BCNPs
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Fig. 4 Characterization of BC structure and thermal properties: (A) XRD showing the 24 h BCNPs are amorphous, the 3d and 5d particles have
small amounts of cellulose | nanocrystals (B) FTIR spectra to identify cellulose functional groups, and (C) TGA and DTGA profiles show the thermal
degradation for each sample. All results include the samples BCNPs, BC 3d, and BC 5d.
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do not exhibit crystals with the (200) orientation and so they
have been excluded from the crystallite size analysis. However,
the broad nature of the peaks in the diffraction pattern for
BCNPs suggest crystallite sizes smaller than those observed for
3d and 5d BC particles. Therefore, our results show that pri-
marily amorphous cellulose nanoparticles are obtained after
1d, while the particles harvested after 3d and 5d of culture are
comprised of nanocrystalline BC microfibers. The fact that pre-
dominantly amorphous BCNPs can be obtained is key to their
applicability as a drug delivery system, as amorphous carriers
promote the bioavailability of the drug, and increase the solu-
bility and the dissolution rate of a drug.®**°

We next assess the FTIR spectra of the BC samples
(Fig. 4B). The broad peak between 3000-3500 cm™" is attribu-
ted to O-H stretching vibrations.""*" In this region, the BCNPs
spectrum is broader and more uniform than the spectra of the
3d and 5d particles. The 3d particle O-H band, while also
broader than the 5d, has more salient features. The O-H band
of the 5d particles is the narrowest and most defined of the BC
samples. These differences in the O-H band suggest that the
ratio of intermolecular and intramolecular hydrogen bonding
between surface hydroxyl groups varies between samples. The
peak-narrowing as a function of growth time for BC particles
may be the result of increasing homogeneity of the physical
and chemical environment as fibrillar order increases over
time.***° The XRD spectra support this hypothesis as crystalli-
nity was found to increase with growth time (Fig. 4A). Peaks
between 2920-2922 cm™' represent C-H stretching and
vibrations, while 2897 cm™ represents asymmetric —CH,
stretching and 2855 cm™ represents symmetric -CH;
stretching.*>*® 1440 cm™ identifies -CH, bending and
1300 cm ™' identifies C-H bending.** The peaks at 1163 cm™,
1030-1060 cm ™' and 1105 cm™" correspond to C-O-C stretch
of the p (1-4) glycosidic bonds, C-O stretch and C-O-C in-
plane stretch of the glucose ring in cellulose, respectively.***>
These signature peaks are observed clearly in the 5d particles,
and are broader, yet still distinguishable in the 3d particles.
The spectra of the 24 h BCNPs shows the peaks at
1030-1060 cm™* and ~1105 cm ' broader than all other
samples, while the 1160 cm™' peak appears as a broad
shoulder downshifted to ~1140 cm™". The increasing intensity,
area, and sharpness of C-O and glycosidic bond peaks with
longer culture times suggests that the cellulose fibers have a
higher number of those skeletal bonds (i.e. higher molecular
weight). Lastly, the broad peak around 1650 cm™" is associated
with the O-H vibrations of the adsorbed water.*®

The TGA data for BC allows assessment of the thermal
degradation behavior of our materials (Fig. 4C). The BCNPs
show a ~10% mass loss immediately upon heating, which is
associated with water evaporation. The 3d and 5d BC particles
have lower amount of withheld water (~5%) that evaporates
more gradually from room temperature to about 100 °C.
Across all studied samples, there is no thermal degradation
observed before 90 °C. The thermal decomposition of cellulose
gives rise to the mass loss steps observed between 190-400 °C
for the BC particles grown for 3 and 5d and 90-350 °C for the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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BCNPs."” Differences in the crystal size, molecular weight, and
molecular weight dispersity of cellulose give rise to the large
differences in the thermal degradation profiles.*® The thermal
stability is indicated by the initiation of thermal decompo-
sition and not the temperature range that the decomposition
spans, or the temperature at which the maximum decompo-
sition rate occurs. The Tso, (temperature at which 5% of the
sample mass has been lost) for 3d BC and 5d BC are approxi-
mately 80 °C and 180 °C respectively, while T 0, is ~230 °C for
3d BC and 245 °C for 5d BC (Table 1). Therefore, the thermal
stability of 5d BC particles is higher than that of 3d BC. In
addition, the maximum degradation rates (DTG peaks) are
achieved between 290 °C and 330 °C for the BC particles. The
DTG peaks for BCNPs appear at ~140 °C, 230 °C and 290 °C.
Lastly, the molecular weight distribution can be associated
with the slope of the weight loss curve or the intensity of the
DTG peak, as a uniformity in molecular weight causes a larger
share of the molecules to degrade at a similar temperature.
Large slope or high DTG peak intensity indicate tight mole-
cular weight distribution or relative homogeneity in molecular
weight. We can therefore infer that the BC particles have more
uniform molecular weight dispersity than the BCNPs. The
higher molecular weight (as inferred from the FTIR spectra),
tighter molecular weight distribution, and similar crystal size
(as shown from XRD analysis) of the BC 3d and 5d particles
justify their higher thermal stability, tighter decomposition
temperature window, and higher temperatures of maximum
degradation rate compared to the BCNPs. The shorter cellulose
chains for BCNPs will result in a larger number of chain-ends
per sample mass, compared to higher molecular weight 3d
and 5d BC particles. Chain-ends serve as thermal degradation
initiation points, justifying the lower thermal stability of
BCNPs."® Thus, the mass loss profiles confirm that BCNPs are
the particles with the smallest crystal size and lowest mole-
cular weight, while culturing for longer times leads to cellulose
fibers with higher molecular weight. Moreover, the TGA con-
firmed that the thermal stability of the BC samples is stable
across a range of temperatures relevant for shipping and
storage conditions.

3.3. BSA drug loading and encapsulation efficiency in BCNPs

To prepare the BCNPs for the drug loading process, we soni-
cated the collected nanoparticles with P80 surfactant solution
(see section 2 Materials and methods). The measured BCNPs

Table 1 The degree of crystallinity (X.) and crystallite size (D) for
BCNPs and BC particles cultured for 3d and 5d as calculated from XRD
spectra. Additionally, the range of temperatures in which peak degra-
dation (DTG) occurs as well as the temperatures corresponding to 5%
(Ts) and 10% (T;0%) mass loss from TGA measurements for each
material are presented

Sample X. (%) D(nm) DTG (°C) Ts9, (°C)  Tio9 (°C)
1d 37.82  N/A 128.92, 223.22,282.53  46.16  110.09
3d 76.58 3.29  297.08,333.91 81.28  228.78
5d 81.47 4.80  304.64,324.31 178.05  243.16
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concentration was 8.35 x 107 + 1.18 x 10 particles mL ™" with
an average particle size of 103.0 + 1.5 nm (Fig. 5A, n = 5). We
note that the NTA data report the size of BCNPs formed by
using P80 as a surfactant to prevent the BCNP aggregation
compared to the STEM image (Fig. 2B) of BCNPs prepared
without size separation and P80 surfactant solution. To assess
the long-term stability of BCNPs, we measured the particle size
after storage in room temperature for 2 weeks, 5 months, and
7 months (Table S1f). The stored particles have negligible
changes in their size up to 5 months of storage, without
requiring temperature-controlled storage conditions.

To observe if the fibrillar morphology of BCNPs is main-
tained after treatment with the surfactant solution, we con-
ducted STEM. The collected images of BCNPs (Fig. 5B and C
and Fig. S2t) reveal that the fibrillar structure of the nano-
particles was retained. Moreover, the treated and dried BCNPs
had a particulate shape most resembling an elliptical mor-
phology with an average particle size 478.9 + 129.6 nm. This
size is about 4 times larger than the NTA-measured particle
size reflecting the effects of drying on the imaging substrate
and possible particle-particle association therein.

In addition to size, another key desirable property for nano-
particles in biomedical applications is a near-neutral or
slightly negative surface charge as it minimizes ionically-
driven cellular membrane disruption.>® To achieve a desired
surface charge, this is dependent on the therapeutic appli-
cation where the administration route and target would be
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known. Here, we measured the average {-potential of the
BCNPs treated with the surfactant solution to be slightly nega-
tive, —14.1 + 4.2 mV (n = 3). The endotoxin units per milliliter
(EU mL™") of the post processed BCNPs and prior to drug
incorporation were 0.46 EU mL ™" (n = 3). Our measured value
is below the FDA regulation limit of 0.50 EU mL™" for medical
devices containing bacteriostatic water for injection.”"*>

Given the nanoscale size, surface charge, high surface area,
and nanofibrillar (mesh-like) morphology of the amorphous
BCNPs, we intend to evaluate their applicability as a natural
polymer platform for drug delivery applications.'®%°*
Different concentrations of BSA were incorporated into BCNPs/
P80 at three relative targeted drug loadings (DL). High encap-
sulation efficiency (EE) around 90% was achieved for all target
loadings. Incorporating BSA into the BCNP/P80 increased the
particle size by 2.5-fold, to approximately 250 nm, with similar
or more negative {-potentials compared to non-BSA containing
BCNPs/P80 (Table 2).

3.4. BSA drug release profile from BCNPs

The STEM images of the 8.34% DL sample showed similar par-
ticle shape to non-DL BCNPs/P80 and a slight increase in size
due to the BSA incorporation (Fig. 6A). The drug release assay
showed a burst release of BSA at 2 h, with a significant burst
release of 8.9% for the 4.31% DL samples. We report data both
in % w/w (Fig. 6) and in pg (Fig. S67). In fact, within the first
4 h, the 4.31% DL samples release 30% of the total amount of

Fig. 5 (A) Hydrodynamic size of BCNPs at concentration of 8.35 x 107 + 1.18 x 107 particles mL™* and measured on nanoparticle tracking analysis.
The red region indicates peak intensity and standard deviation; (B) STEM of BCNPs at 1 pm scale bar, and (C) STEM of a BCNP at 100 nm scale bar.

Table 2 Results for BSA drug loading (DL), including both target DL and experimentally measured DL, and encapsulation efficiency (EE) of BCNPs/
P80, calculated using eqgn (3) and (4). DL and EE are reported as % weight/weight (w/w). BCA assay was used in technical triplicates to quantify BSA
concentration with UV-Vis spectroscopy (n = 3). All values reported as an average + standard deviation (STD). The polydispersity index (PDI) was cal-

culated from NTA results using eqn (5)

Mass of BCNPs Mass of BSA Target DL DL + STD EE + STD Particle size + STD (-Potential + STD
(mg) (mg) (% wiw) (% wiw) (% wiw) (nm) PDI (mv)

5 0.25 4.76 4.31£0.01 89.99 + 0.31 256.9 + 8.3 0.0010 -11.9+ 8.7

5 0.50 9.09 8.34 £ 0.03 90.99 + 0.36 255.0 +5.4 0.0004 —26.2 £ 4.7

5 1.0 16.67 15.46 = 0.02 91.42 + 0.12 231.7 £ 3.5 0.0002 -18.7+9.4
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P80, calculated using eqn (6).

BSA that they ultimately release over the entire 168 h period.
After that initial burst release, these samples demonstrate a
sustained release profile. At the end of the 168 h testing
period, the 4.31% DL samples released cumulatively 55.3% of
BSA, which corresponds to 126.2 pg in total, out of 229.5 pg
initially loaded. The 8.34% DL samples showed a low release
with a sustained profile. After the initial burst release of 3.9%,
an average of 2.5% (11.3 pg) of BSA were released every 24 h
compared to the 4.31% DL samples where the average release
was of 5.5% (12.6 pg). Cumulatively, the 8.34% DL samples
released 24.7% of BSA, corresponding to 113 pg out of
459.1 pg initially loaded, which is 45% less than the 4.31% DL
samples. The 15.46% DL samples showed small quantitative
changes in the release at later time points, indicated by a flat-
tened curve (Fig. 6B). Over the 168 h period, these samples
had a cumulative release of 8.7%. Notably, only 11.6% of this
total release was observed within the first 48 h. Subsequently,
an average of 10% of the total release, which corresponds to
10.2 pg was released every 24 hours thereafter. At the end of
the release study window, the BSA remaining associated with
BCNPs is 44.7 + 18.5, 75.3 + 10.5 and 91.4 + 8.1% w/w for the
4.76, 8.34 and 15.46% DL, respectively. Therefore, we note the
highest cumulative release and lowest amount of bound BSA
in the 4.31% DL samples and hypothesize that the majority of
BSA incorporated was surface associated. The 8.34% and
15.46% DL samples may have provided a higher BSA concen-
tration gradient driving the BSA into the material core, seen
similarly in a BC-based microsphere study.>® As the BSA-BCNP
association is stronger, these samples have a lower release,
compared to the sample with minimum BSA loading.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(A) STEM images of 8.34% DL BSA-BCNPs/P80. Scale bar set to 200 nm. (B) Results for cumulative BSA drug release (% w/w) from BCNPs/

Drug loading of BSA into BCNPs/P80 showed a strong
binding affinity’® with a sustained release profile. We used
physiologically relevant conditions to simulate BSA release.
Our results align with prior studies loading BSA into BC micro-
particles, prepared using a bottom-up approach via the cultur-
ing of porous BC-based spheres and adsorbing BSA.>* BC-BSA
microparticle studies by Lin et al.>® and Zhang et al.*®* showed
a strong electrostatic interaction between BC and BSA, where
BSA adsorbing at the inner pore surface of the BC sphere was
defined by a first-order release model, indicating a controlled
drug release of BSA. BSA is one representative drug that can be
incorporated into BC for therapeutic delivery, but many other
drugs of interest have been incorporated into macroscale or
micro-BC platforms.’®>” A recent study loaded a BC film with
ibuprofen, a low solubility drug, and propranolol hydro-
chloride, a highly soluble drug.>* Both drugs showed immedi-
ate release with freeze-dried and air-dried BC film prep-
arations, yet the freeze-drying method showed a sustained
release for soluble drugs while air drying was optimal for DL
at low drug concentrations.>" Another study used a top-down
approach to mill a BC film into microparticles to drug load
cloxacillin and cefuroxime sodium salts, adequate model
drugs for antimicrobial activity in wound healing and facial
scrubs.?” All methods showed an immediate drug release of
approximately 85% in the initial 30 min while demonstrating
good antibacterial activity.>” Additional examples of alternative
therapeutics include benzalkonium chloride, an antimicrobial
surfactant used in BC wound dressing, curcumin/polysorbate
20 used in cellulose nanoparticles, and cloxacillin and cefurox-
ime sodium salts in BC particles for wound dressing and
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medicated cosmetics.>>*®* Overall our results contribute to
the potential of cellulose-based materials to be used as plat-
forms for drug delivery.

4. Conclusion

This work describes the preparation and characterization of
BCNPs as a drug delivery platform. We describe a facile fabri-
cation with minimal processing steps to minimize the
inherent variability in the yield and properties of the produced
BCNPs. The use of BCNPs serves as a sustainable alternative to
the existing synthetic polymer and lipid nanoparticles used in
drug delivery in that BCNPs are (1) bioderived (produced
entirely from biomass), (2) the only product of the culturing
process, (3) processed using minimal non-organic solvent and
(4) do not require high heat or pressure to be produced.

Our results show that BCNPs produced after 24 h of bac-
terial culture and size separated with P80 surfactant solution
have an average size of approximately 103 nm, slightly negative
zeta-potential, and are comprised of predominantly amor-
phous and entangled cellulose fibrils forming a mesh-like
structure. Longer culture duration produces large BC particles
that reach a diameter of approximately 1000-1500 pm. These
particles are comprised of longer and thicker cellulose fibers
which themselves comprise of bundled fibrils that have a
higher crystallinity and MW compared to the nanoparticles
harvested after 24 h. Nanoparticles can diffuse and distribute
more readily in tissue compared to bulk BC; therefore, BCNPs
offer numerous advantages over BC microparticles and BC pel-
licles for drug delivery. TGA data showed BCNPs are thermally
stable until 90 °C. Further stability tests showed no changes in
particle size upon storage at room temperature for up to
5 months, suggesting that a cold-chain storage and distri-
bution are not required to ensure BCNP stability. BCNPs are
biodegradable upon disposal in the environment and can be
produced as an alternative and tunable drug delivery thera-
peutic to treat disease while having a reduced environmental
impact through use of green engineering. Future optimization
of the BCNP culturing conditions could enable higher pro-
duction yields, minimize waste upon scale up, and improve
the carbon footprint of the manufacturing process of nano-
particle-based drug delivery platforms.
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