View Article Online

View Journal

M) Cneck tor updates

Nanoscale

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: B. A. Bartlett, J.
Klier and S. Razavi, Nanoscale, 2025, DOI: 10.1039/D4NR04682J.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Nanoscale

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
o sockre shall the Royal Society of Chemistry be held responsible for any errors
Vo OF CHERIETRY or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

ROYAL SOCIETY rsc.li/nanoscale
OF CHEMISTRY

(3


http://rsc.li/nanoscale
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d4nr04682j
https://rsc.66557.net/en/journals/journal/NR
http://crossmark.crossref.org/dialog/?doi=10.1039/D4NR04682J&domain=pdf&date_stamp=2025-01-10

Page 1 of 34

Open Access Article. Published on 10 January 2025. Downloaded on 1/15/2025 7:58:30 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

View Article Online

DOI: 10.1039/D4NR04682J

Preparation of Bovine Serum Albumin Nanospheres via
Desolvation: A Study of Synthesis, Characterization, and
Aging

Blake A. Bartlett®, John Klier®, Sepideh Razavi®

@School of Sustainable Chemical, Biological and Materials Engineering, University of
Oklahoma, Norman, OK 78019 USA

Abstract

Serum albumin has myriad uses in biotechnology, but its value as a nanocar-
rier or nanoplatform for therapeutics is becoming increasingly important, no-
tably with albumin-bound chemotherapeutics. Another emerging field is the
fabrication of biopolymeric nanoparticles using albumin as a building block
to achieve highly-tunable nonimmunogenic capsules or scaffolds that may be
cheaply and reliably produced. The aim of this study was to characterize
and optimize the desolvation process used for fabrication of albumin nanoparti-
cles under ambient conditions, studying both glutaraldehyde (GT) and glucose
(GLU) as crosslinking agents and the effect of various synthesis conditions in-
cluding pH, electrolyte concentration, and rate of desolvation on particle size
and stability. Particle size, polydispersity index, and zeta potential were inves-
tigated, morphology was examined using scanning electron microscopy (SEM),
and long-term stability and degradation modes were studied using dynamic
light scattering (DLS) and transmission electron microscopy (TEM). It was de-
termined that the optimized synthesis procedure for synthesis of Bovine Serum
Albumin (BSA) nanoparticles at the investigated scale under ambient condi-
tions was addition of ethanol at a rate of 0.625 mL/min via infusion against
the vial wall and a pH of 9 with the addition of no other electrolytes. Op-
timized BSA nanoparticles were synthesized at a size of 86+3.7 nm (0=1.85)
using glutaraldehyde as a crosslinker and a size of 92+1.9 nm (0=0.95) using
glucose as a crosslinker with polydispersity indices of 0.08 and 0.05, respectively.
Nanoparticles synthesized via the optimized procedure, using both crosslinkers,
were found to maintain colloidal stability significantly longer than cases previ-
ously reported in the literature, with insignificant changes in hydrodynamic size
many months after synthesis.

Keywords: Albumin nanoparticles, nanocarriers, colloids, biopolymers

1. Introduction

Advances in immunotherapy research have shown antibody-based therapies
to be potent in the treatment of cancer [I|. However, therapeutics of these
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types often face significant challenges in engineering and suffer from poor bi-
ological half-lives, which necessitates larger doses or extended treatment times
that strain what limited production infrastructure exists. Both for existing ther-
apies and for those that continue to be developed, there is a need for stable,
biocompatible nanocarriers that are easy to produce. Biopolymeric nanopar-
ticles produced with native or homologous proteins can be nonimmunogenic,
nontoxic, biodegradable, biocompatible, and may have native biological func-
tions that complement the nanocarrier system if the protein building block is
chosen carefully, making these types of particles an attractive option. Serum
albumin is abundant in nearly all biological fluids, most notably blood, and as
an endogenous protein has all of these desired traits [2].

Albumin is essential for the maintenance of oncotic blood pressure and pH in
the body, so it is slowly metabolized by the body and enjoys a sizable half-life
of around 19 days [2, [B]. Albumin has no enzymatic function, but acts as a
transport molecule for lipids, fatty acids, and hormones, making it important in
the circulation of hydrophobic small-molecule drugs like ibuprofen, naproxen,
warfarin, and many more [4,[5, [6]. The critical role of albumin in small-molecule
transport has a strong positive correlation with the growth and survival of eu-
karyotic cell cultures [7], and albumin-bound therapeutics have exploited this
role to great effect. The most famous example of the benefits of albumin as
a nanocarrier is Abraxane®, an albumin-bound formulation of paclitaxel used
for treatment of several types of cancer [2] 8]. In fact, for chemotherapeutic
drugs that are intended to enter the circulatory system, albumin is particu-
larly well-suited for protein-drug conjugates due to its ability to rapidly diffuse
across leaky blood vessels in tumors [7] and tendency to concentrate in some
cancerous tissues due to a combination of binding to upregulated proteins [2, [§]
and upregulation of amino acid metabolism within cancer cells [9, [I0]. While
albumin does not cross the blood-brain barrier in healthy individuals, upreg-
ulation of Gp60 (60-kDa glycoprotein, also known as albondin) in many brain
cancers (such as gliomas) enables transport into tumor tissue via transcytosis
[I1]. Further, from a practical economic perspective, both bovine serum al-
bumin (BSA) and human serum albumin (HSA) are commercially available in
large, pure quantities for relatively small costs. These two proteins have 75.8%
amino acid identity and 88% amino acid similarity, with residues important for
tertiary structure highly conserved [4]. As a result, the proteins may be used
interchangeably in laboratory experiments. HSA is generally preferred in ac-
tual nanomedicine formulations, but there is some precedent for the proteins
still being interchangeable in these situations [3].

Synthesis of albumin nanospheres as nanovectors is well documented in the
literature [I1], with synthesis primarily being through one of two methods: high-
pressure homogenization (HPH) and desolvation, although other methods also
exist [2], [12]. Particles formed by high-pressure homogenization are nanoemul-
sions (also called miniemulsions) formed by strong shear forces temporarily al-
tering the tertiary structure of the protein [I3], and the method is popular for
the industrial preparation of protein or protein-conjugate drugs. These emul-
sions rapidly solubilize upon injection or other mixture with protein solutions,
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so the nanoparticle character of the formulation is really only true when the drug
is first formulated. In fact, Abraxane®, which is formulated using high-pressure
homogenization, is typically supplied to clinics as a lyophilized powder that is
reconstituted when needed, with the resulting dispersion only stable for around
24 hours [I4]. These extreme conditions can also result in a permanent partial
denaturation of the protein that potentially decreases biological activity [15].
There are some examples of albumin-based HPH particles used for drug loading
[16], as well as some research demonstrating crosslinking of particles following
HPH to improve stability [I7], but research being done in these areas account for
a small subset of overall HPH investigations relative to the “traditional” method
of relying on steric entanglements to preserve nanoemulsion structure. The des-
olvation method involves mixing an aqueous protein solution with a desolvating
agent, a water-miscible solvent (typically an alcohol, acetone, or similar organic
solvent) in which the protein is insoluble. This results in nucleation and growth
of small protein aggregates. Done properly, this process results in a highly
uniform distribution of spherical particles whose size and polydispersity may
be tuned via a handful of variables including temperature, protein concentra-
tion, desolvating agent identity, desolvating agent addition rate (and mode), stir
rate, and stir time before crosslinker addition [I1I, 12]. The desolvation method
is used in this study, with major motivations being investigation of nanoparticle
long-term stability and size uniformity using that method of particle formation,
as well as minimization of size using ambient conditions. This study will also
investigate the use of both glutaraldehyde and glucose as crosslinkers (further
discussed below). The goal of this work is to investigate the synthesis procedure
using nontoxic alternative chemistries competitive with glutaraldehyde in terms
of size, stability, reproducibility, and morphology.

The addition of desolvating agent causes coacervation of solid protein par-
ticles from an aqueous solution via replacement of adsorbed water molecules,
which denatures the protein in the process [18]. However, this denaturation is
reversible, and it is often this phenomenon that is exploited to fractionate albu-
min (sometimes called “Fraction V”) from blood samples at industrial scale [6].
The ideal procedure yields small, monodisperse colloidal particles, and the con-
ditions where this occurs are similar to those used to synthesize albumin hydro-
gels (differing primarily in concentrations of solutes and desolvating agent) [19],
so resultant particles exhibit certain gel-like properties. To achieve long-term
stability, addition of a crosslinker is necessary, as the basic desolvated gel-like
particles are soft and tend to agglomerate when they collide in solution, even-
tually resulting in flocculation and sedimentation. In previous studies, a wide
variety of crosslinker molecules have been studied, most commonly glutaralde-
hyde [18, 20} 211, 22], 23], but also glucose [24], sorbitol, ascorbic acid, citric acid,
and tannic acid [20], as well as 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC) and similar carbodiimides [25]. While the exact chemical mechanism
of crosslinking varies (and in some cases is not fully understood [26] 27, [28]),
the end result is generally a linkage of two basic amino acids (with the pro-
tein N-terminus also available if accessible). Aldehyde groups, like those in
glutaraldehyde or in aldoses like D-glucose, rapidly form imines with accessible
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lysine residues, particularly deprotonated lysines. In the case of glutaraldehyde,
the final crosslink is simply a diimine between two lysine residues (see Fig. [TA).
In crosslinking with glucose, the final crosslink may include many advanced
glycation end products (AGEs), or nonenzymatic glycosylation products, but
the most common by an order of magnitude is glucosepane, a lysine-arginine
linkage [27]. This linkage begins with an imine forming between a lysine and
the terminal aldehyde of D-glucose, forming a Schiff base. This intermediate
rearranges to an enaminol and then an Amadori product. At the time of writ-
ing, it is not conclusively known how the reaction proceeds from this point to
the ring closure and reaction with arginine to form glucosepane, but it likely in-
volves a carbonyl shift down the length of the carbohydrate to eliminate the C-4
hydroxyl group and a series of nucleophilic attacks by an arginine resulting in
the formation of the bicylic structure and elimination of three water molecules
(see Fig. [IB) [27]. In both cases, the reaction proceeds spontaneously at am-
bient temperature, albeit slowly enough that an overnight equilibration step is
necessary.

(A)
Glutaraldehyde Lysine H Imine Adduct
H H
HN )\/\/\
M + - /\/j, o Sy
o o
+H,0
(B) Lysine
D-Glucose HN Glucosepane
OH  OH
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HOW™
ﬁ/\/\u H 3
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Figure 1: Overview of chemical reactions for the two crosslinkers studied. (A) Glutaraldehyde
crosslinking involves formation of an imine from an aldehyde and a primary amine. The
crosslink is formed once both terminal aldehydes have reacted, forming a diimine. For a
detailed mechanism of this reaction and overview of rare side reactions, see Farris et al. 2010
[29]. (B) Glucose crosslinking begins with a lysine residue reacting with the the terminal
aldehyde of D-glucose forming an imine, but the following linkage formed with an arginine
residue is more complicated and not fully understood. However, the glucosepane product is
by far the most plentiful glycation adduct. For more information on glycation reactions and
the mechanism of this reaction, see Biemel et al. 2002 [27].

There is little published information regarding how long desolvated and
crosslinked particles remain stable, which is necessary to determine any sort
of shelf stability. Specific applications, such as nanoencapsulation and artificial
antigen-presenting cells, also necessitate a high degree of particle surface stabil-
ity to maintain efficacy [30} 31 B2} B3]. Jun et al. 2011 [23] report 100 nm BSA
nanoparticles crosslinked with GT aggregating into a solid cake within three
months of synthesis. In their study, particles were synthesized via desolvation
using acetone followed by GT crosslinking, washing, and redispersion in abso-
lute ethanol using a probe sonicator. Amighi et al. 2020 [20] report significant
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increases to both average size and polydispersity (recorded using DLS) of BSA
nanoparticles crosslinked with GT and GLU within 28 days of synthesis. For
example, average size of GT-crosslinked particles is reported to change from
12142.6 nm at the time of synthesis to 1484+3.1 nm at 28 days after synthesis,
over a 20% increase. No numerical data for any time thereafter is provided,
only stating that samples “were found stable at pH 9 for 3 months.” In their
study, particles were synthesized via desolvation using ethanol followed by GT
crosslinking, washing, and redispersion in ultrapure water using a probe sonica-
tor. Thalhammer-Thurner & Debbage 2023 [34] report a “minimal tendency to
aggregate” after three years, but support this claim with only a single DLS mea-
surement with high polydispersity. At the time of writing, we are unaware of
any other publication that quantitatively studies long-term stability of albumin
nanoparticles. These previous studies imply a relatively short period of stabil-
ity, and quantitative data beyond 28 days after synthesis is extremely limited.
As the applications of albumin-based nanoparticles moves beyond controlled-
release drug formulations, there is a critical need to improve and characterize the
long-term stability of these particles that serve as a platform for cell-targeting
therapies.

The usefulness of albumin as a nanocarrier is well established in the liter-
ature [2, Bl [7, 8], as is its versatility as a building block for the synthesis of
biopolymeric nanoparticles [35, [36]. However, there has been ongoing discus-
sion regarding the optimization of a nanoparticle synthesis procedure, including
what it means to be “optimized.” Generally, smaller particles are more desirable
because they have more potential pathways for interaction with cells and a lower
chance of being filtered from the bloodstream by the kidneys or by phagocytes
[21]. Much of the precedent in synthesis of albumin nanoparticles has had the
drug loading application in mind (taking advantage of those gel-like properties
previously mentioned) [2, Bl 10, 211 22| [35], but innovations in immunother-
apy demonstrate the need for scaffolds to help these new therapeutics circulate
[37, B8, B9]. Depending on the desired application, there may be a lower bound
for particle size, as particularly small nanoparticles may not be capable of suffi-
cient drug loading for controlled release applications. Likewise, antibody-based
immunotherapy applications often benefit from multifunctional antigen binding
that necessitates room for multiple ligands to be bound. Regardless, minimiz-
ing size is often the primary goal of the optimization process, but increasing
scrutiny has been given to simplifying the synthesis procedure and eliminating
toxic reagents. This is the primary motivation for studying glucose as an alter-
native to glutaraldehyde. While there has been some success using glucose as
a crosslinker, reported particles were significantly larger and disintegrated far
faster than otherwise identical particles that used glutaraldehyde as a crosslinker
[20].

Size, yield, and polydispersity of nanoparticles are highly influenced by nu-
merous operating conditions, with the “ideal” conditions often within a narrow
range. Because so many variables are at play, what is “optimum” under one set of
conditions is often different than those reported elsewhere, and some trends can
even reverse when different variables are controlled. Langer et al. 2003 [21] and
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Tarhini et al. 2018 [40] both reported that protein concentration has little effect
on size, whereas Amighi et al. 2020 [20] and Kaur & Singh 2015 [41] reported
the opposite. Amighi et al. 2020 [20] reported that the relationship between
temperature and particle size depends on the desolvating agent, with higher
temperatures being associated with smaller particles when acetone is used, but
with larger particles when ethanol is used. von Storp et al. 2012 [I8] reported
that particle diameter generally increases with desolvating agent concentration,
but the trend is inverted if methanol is used. Despite the constantly shifting
landscape of “optimized” procedures, some parameters have been well-described.
For example, Weber et al. 2000 [42] reported that nanoparticle size is associated
with parameters such as initial pH and amount of desolvation agent, and these
findings have been largely included in following reported procedures. However,
many of these reported procedures have optimized for only one or two param-
eters, and often involve harsh conditions and toxic chemistries. Tanjung et al.
2024 [12] provide an overview of 23 experimental studies of albumin nanoparticle
synthesis using desolvation and categorizes them based on the studied variables.
Of the 23 articles, only 5 studied the effect of pH, only 3 studied the effect of
alternative crosslinkers, none studied the effect of desolvating agent addition
rate, and none studied long-term stability. Our own literature review has iden-
tified only a handful of other articles in these areas, indicating a significant
gap in our understanding of particle synthesis. We have studied the effects of
various important parameters including initial pH, desolvating agent addition
rate, and crosslinker type on particle size with an emphasis on greener nontoxic
chemistries and conditions, namely ambient temperatures and glucose as an al-
ternative crosslinker. Additionally, since it is desired that the size and surface
properties of nanoparticles, especially those used as nanovectors, be tunable,
syntheses were performed in a variety of electrolyte concentrations to deter-
mine any permanent effects on particle size, surface attributes, and stability.
These added electrolytes are in addition to the ions added by pH equilibration.
Further, samples were also stored in (that is to say, redispersed in during the
washing process) a variety of electrolyte concentrations to determine whether
biosimilar electrolytic strength is sufficient to induce aggregation, with the goal
of verifying whether BSA nanoparticles are colloidally stable and suitable for
1 Vo use.

2. Materials and Methods

2.1. Materials

Bovine serum albumin (Fraction V, purity > 98%) was obtained from Fisher.
A 50 wt.% aqueous glutaraldehyde solution was obtained from TCI America
and diluted to an 8 wt.% solution in deionized water for use as a crosslinker.
a-D-glucose (anhydrous, purity > 96%) was obtained from Sigma-Aldrich and
dissolved in deionized water to make a 15 wt.% solution for use as a crosslinker.
Potassium nitrate (purity > 99%) was obtained from Sigma-Aldrich, potassium
hydroxide was obtained from Macron (purity > 85%), phosphate-buffered saline
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(PBS) was obtained from Thermo Scientific (10x concentration, pH 7.4), and
absolute ethanol was obtained from Fisher. Uranyl acetate (purity > 98%) was
obtained from Sigma-Aldrich. All reagents were of analytical grade and were
used as received. Ultrapure deionized water was dispensed using a Milli-Q®
benchtop water purification system (resistivity of 18.2 MQ-cm). SEM pin stub
specimen mounts were obtained from Ted Pella. Carbon-coated copper TEM
grids were obtained from Sigma-Aldrich.

2.2. Synthesis Procedure

The procedure for fabrication of nanoparticles was adapted from the work
of Amighi et al. 2020 [20] and Jun et al. 2011 [23] with modifications resulting
from the optimization studies described in section [3] First, 40 mg of BSA was
dissolved in 2 mL of ultrapure water (or electrolyte solutions ranging from 1
mM KNOj to 1x PBS, see section to make a 20 mg/mL or 2 wt.% protein
solution. Solution was stirred until all BSA was fully dissolved, then equilibrated
to pH of 9 using 1 M KOH (pH values ranging from 6.5-10.5 were studied, with
further discussion in section . While stirring at a rate of 600 rpm, a New
Era Pump Systems NE-1000 syringe pump was used to infuse 8 mL of absolute
ethanol at a rate of 0.625 mL/min (varied between 0.25 and 1.0 mL/min to
determine optimum rate, discussed further in section [3.2)). Ethanol was infused
against the glass, as opposed to dropwise addition. Care was taken to ensure
that the syringe tubing was never submerged in the bulk solution. In cases of
dropwise addition and submerged tubing, the solution would have localized high
concentrations of ethanol resulting in protein aggregation and sedimentation,
high polydispersity, and lower particle yield. The solution became slightly turbid
shortly before ethanol addition was complete, visually appearing as the clear
solution becoming white and cloudy (see supporting video S1). Immediately
after ethanol addition, 120 uL of a 8 wt.% glutaraldehyde solution or 15 wt.%
glucose solution were added. The vial was then covered to prevent evaporation
and the dispersion was allowed to stir for at least 12 hours, preferably overnight.
All syntheses were performed at ambient temperature ~ 25°C.

Samples were washed to remove unreacted components and ethanol via cen-
trifugation (Thermo Scientific Fresco 21 microcentrifuge) at 20,000g for 50 min-
utes at a temperature of 10°C, a common practice for high spin speeds and
protein-based samples, which tend to be heat-sensitive. Supernatant was dis-
posed and replaced with an equivalent volume of 1 mM KNOj3 or ultrapure
water (or electrolyte solutions up to 1 M KNOg, see section [3.7). Pelletized
particles were redispersed using a VWR Analog Vortex Mixer. Centrifugation,
washing, and redispersal steps were repeated two additional times for a total of
three (3) cycles.

2.8. Storage

Following synthesis, washing, and redispersal steps, nanoparticle dispersions
were transferred by pipette to a clean vial. Dispersions were labeled and stored
in a refrigerator at 5°C. Aliquots removed for DLS measurements were retained
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for future measurements and returned to storage, but aliquots removed for zeta
potential measurements were discarded.

2.4. Characterization
2.4.1. Dynamic Light Scattering (DLS)

The hydrodynamic size of BSA nanoparticles was measured using a Brookhaven

Instruments NanoBrook Omni. Samples were prepared by pipetting 2 mL of the
mother liquor (1 mM KNOg unless stated otherwise) into a polystyrene cuvette,
followed by 100 ul of the nanoparticle sample. The cuvette was then sealed and
gently rotated to mix. Samples were measured at 25°C and a scattering angle
of 90°. The DLS instrument reports average hydrodynamic diameter, standard
deviation, and polydispersity index (PDI). PDI is a dimensionless quantity re-
lated to standard deviation, o, and average size, X, where PDI = 02/X?2. The
value describes the distribution of sizes within the sample, with smaller val-
ues indicating more homogenous (or monodisperse) populations. Values smaller
than 0.05 indicate a highly monodisperse sample, whereas values greater than
0.7 indicate a broad size distribution not suitable for DLS analysis [43]. DLS
measurements of average size were rounded to the nearest whole number, with
error bars rounded to the nearest tenth of a nanometer. All measurements were
performed in quintuplicate, and error bars in figures and tables represent two
standard deviations (20) unless stated otherwise. For each reported variation
in synthesis procedure, experiments were independently repeated n times, with
the specific sample sizes reported in relevant figures below.

Statistical analysis of DLS measurements between variations in synthesis
procedure was performed to verify statistical significance between data sets.
Independent two-sample Student’s t-tests were performed on aggregate data
from any two selected sets, and the corresponding p-value determined. The
p-value is the probability that the two data sets are not significantly different,
so a p-value p less than 0.05 indicates that the observed difference is unlikely
to have occurred by random chance, suggesting with over 95% confidence that
the difference between the two data sets is statistically significant [44]. Where
relevant, p-values between data sets are labeled in figures, with sets where p >
0.05 labeled “n.s.” meaning “not significant.”

2.4.2. Zeta Potential

The C-potential of BSA nanoparticles was measured using a Brookhaven
Instruments NanoBrook Omni in conjunction with a Brookhaven BI-ZTU au-
totitration unit and BI-ZELF flow cell assembly. The method of data collection
was Phase Angle Light Scattering (PALS), which measures electrophoretic mo-
bility from laser phase shift. All samples described in this study were prepared
by pipetting 1 mL of nanoparticle dispersion into an analysis cup before diluting
to 20 mL using 1 mM KNOg, the same mother liquor that those samples were
stored in. The only exceptions are the samples measured in Fig. [0] which were
diluted in solutions of differing electrolytic strength up to 1 M KNOj3. At each
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pH step, zeta potential was measured in quintuplicate. For each reported varia-
tion in synthesis procedure, experiments were independently repeated n times,
with the specific sample sizes reported in relevant figures below.

Zeta potential values were calculated according to the methods described in
Leunissen 2007 [45], which we summarize below. Effective ionic concentration
(cers) was determined using the conductance values measured and reported by
the zeta potential instrument:

0;
Cepf =Y i = A0 (1)

where o is the conductance of the ion i and A is the molar ionic conductivity
of that ion, read from tabulated values [46]. The initial conductivity of the
sample was taken as a baseline arising from KNOg, with measurements taken at
different pH values having conductances that resulted from the addition of KOH
or HNOj3, which were considered additive to the baseline. We then calculate
Debye length (k~!) using the equation:

KQ — 2C€ff(ze)2 (2)
EQEICBT

where z is the valence (or formal charge) of the ions (since all salts used in zeta
potential measurements in this study are monovalent, z = 1), e is the electron
charge, ¢ is vacuum permittivity, ¢ is water permittivity, kp is the Boltzmann
constant, and T is absolute temperature. A dimensionless quantity, xa, is then
used to evaluate Henry’s function [47]:

164 18ka + 3(ka)?
16 + 18ka + 2(ka)?

f(ka) (3)
where a is the particle radius, estimated from SEM micrographs. The zeta
potential (¢) is then calculated using a variation of the Helmholtz-Smoluchowski
equation [48]:

3un 1

=5 (4)

2e0e f(ka)
where 1 is the measured electrophoretic mobility and 7 is the viscosity of water.
This calculated value of zeta potential is considered the “corrected” value to be
used in preference of the value produced automatically by the zeta potential
instrument. The uncorrected value is used to solve for the standard deviation
of the corrected value using a simple ratio. All error bars reported on figures
represent two standard deviations (20).

2.4.3. Electron Microscopy

BSA nanoparticle samples were imaged using a Thermo Scientific Quattro S
field-emission environmental Scanning Electron Microscope (FE-ESEM) under
accelerating voltages ranging from 5-10 kV in a low vacuum. Samples were
prepared by setting one drop of particle dispersion on a silicon wafer, which was
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affixed to a specimen stub with carbon adhesive tape. The drop was allowed to
air dry prior to imaging.

BSA nanoparticle samples were also imaged using a JEOL 2000-FX Scan-
ning Transmission Electron Miscroscope (STEM) under a 200 kV accelerating
voltage. Samples were prepared on a glow discharged copper grid with either a
carbon film or holey carbon film. Grids were immersed in a droplet of sample
before wicking away excess fluid and similarly washing in deionized water. The
grid was negative stained by immersing in a droplet of 2 wt.% uranyl acetate
solution before wicking and washing as before. Grids were allowed to air dry
prior to imaging.

3. Results & Discussion

8.1. Effect of pH During Synthesis

Serum albumin, like many proteins, undergoes certain conformational changes
in response to the pH of its environment. There are five different pH-dependent
conformation states described in the literature, with the pH values at which
these transitions occur also relatively well-known [49]. The “normal” conformer
is the state at physiological pH, often described as “heart-shaped.” The tran-
sition between the “normal” and “fast” conformations (occurring when pH is
lowered below 4.3), or the N-F transition, is particularly well-described due to
the role of the F conformer in certain tissue transport mechanisms [50] and amy-
loid formation in certain diseases [I5], 51]. However, it has been demonstrated
that the ideal pH for the desolvation of albumin nanoparticles is roughly pH = 9
[20, 2T], 23], with this pH yielding the smallest particles. Albumin nanospheres
were synthesized across a range of initial pH from 6.5-10.5 and the resulting
particle sizes were found to be minimized around pH = 9 in agreement with
previous literature (see Table .

Table 1: Average particle size, and the corresponding polydispersity index (PDI), when syn-
thesized at given pH, using GT as the crosslinker and an ethanol addition rate of 0.75 mL/min
(n=3). Listed pH is of the reaction medium.

pH  Average Particle Size (nm) PDI
6.7 170 £ 8.4 0.15
7.2 163 £ 8.2 0.14
9.1 94 £ 1.1 0.04
10.5 049 £+ 37 0.23

The transition to the “basic” conformer, or the N-B transition, occurs around
pH = 8, and the transition to the “aged” conformer, or the B-A transition, oc-
curs around pH = 10, so the ideal conformation for this method of nanoparticle
synthesis seems to be the B conformer, irrespective of crosslinker. At the time of
writing, very little information is known conclusively about the B conformer [50],
although it is believed to mainly involve changes in domains I and IT of albumin

10
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tertiary structure [52], a slight decrease in helical content [53], and may depend
on resonance structures of histidine residues in domain I [54]. Without more
structural information about the B-form, any attempts to explain the physical
role of pH in the optimization of the synthesis procedure are largely speculative.
It is clear that extremely alkaline or acidic conditions will disrupt the secondary
structure of albumin, resulting in denaturation and precipitation. Further, the
isoelectric point of BSA is roughly 4.7, so most mild acidic conditions result
in reduced surface charge, and the decrease in electrostatic repulsion results in
larger particles [2I]. In the remaining range of pH where particle synthesis is
reasonably reproducible, around 7-10, BSA has a sizable net negative charge,
with electrostatic repulsion undoubtedly playing a significant role in decreasing
particle size. However, we observe a local minimum in synthesized particle size
with pH, so net charge (which continues to decrease as pH increases) is not
the only factor. Some have hypothesized that the B-form is capable of forming
intermolecular f-sheets [20] that allow for more efficient packing during self-
assembly, but often this seems to be based on the misconception that native
albumin includes B-strands. Many early predictions of albumin structure based
on indirect methods mistakenly identified the extended-chain and turn compo-
nents of albumin as f-strands [50], 53], although it is now known that the only
organized secondary structure of albumin is in a-helices and turns [4] [56]. While
it is possible that the N-B transition involves changes in secondary structure, we
are not aware of any experiment that has demonstrated this behavior, and the
continued confusion in the literature makes it necessary to emphasize that no f3-
strand structures exist in the N-form. Further research is necessary in this area
to properly describe the N-B transition and its role in the synthesis of albumin
nanospheres. Regardless, our findings concur with previous publications that
the ideal initial pH for minimization of nanoparticle size (and maximization of
reproducibility) is pH = 9, which will be used for the remainder of this study.

3.2. FEffect of Ethanol Addition Rate

The rate of desolvating agent addition was found to impact particle size
and polydispersity, and the mode of addition was also found to impact these
variables. It was found that dropwise ethanol addition resulted in a larger size
distribution compared to infusion against the glass walls, including the forma-
tion of sediment in solution. Infusion allowed for a more homogeneous change
in ethanol concentration with time (i.e. a well-mixed system), where dropwise
addition likely suffered from transient areas of high concentration. The impact
of addition mode on the results of synthesis may be visually observed at its most
dramatic in Fig. where dropwise ethanol addition resulted in a significant
amount of aggregation, a significant increase in average size, and a significant
increase in polydispersity index. Sample A, synthesized using dropwise addition,
had an average size of 549437 nm (PDI = 0.23), whereas sample B, synthesized
using infusion against the glass, had an average size of 109+1.3 nm (PDI =
0.08). With respect to minimization of size and polydispersity as well as max-
imizing reproducibility of the synthesis procedure, infusion of ethanol against
the glass was the superior desolvation method.

11
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Figure 2: Nanoparticle samples synthesized using (A) dropwise ethanol addition and (B)
infusion against the glass, both at a rate of 1 mL/min. Photo taken when both samples were
about 10 months old. Dropwise addition is a source of inhomogeneity in the reaction mixture,
with subsequent syntheses having varying degrees of sedimentation that are significantly higher
than syntheses using infusion against the glass.

Particle formation is governed by desolvation, namely solvent replacement in
protein structure resulting in denaturation. When this phenomenon is carefully
controlled, nanoparticles form. Rapid addition of the desolvating agent results in
gelation [I9], and extremely rapid addition may result in protein simply “crash-
ing” from solution as an amorphous aggregate. Using a 2 wt.% protein solution
with an initial pH of 9 (further discussed in Section [3.1)) and GT as crosslinker,
the rate of ethanol addition was varied between 0.25 and 1 mL/min and its effect
on particle size studied. The findings are summarized in Fig. It was found
that both slow and rapid ethanol addition was associated with larger particle
sizes, with a local minimum in between. We believe that this trend arises from
two competing phenomena, namely rate of protein desolvation and agglomera-
tion. Before crosslinker addition, particles formed from the desolvation of the
protein are soft and gel-like, with a tendency to agglomerate upon collision. At
particularly low ethanol addition rates, nucleating particles have more time to
collide before the crosslinking reaction solidifies structure and prevents further
agglomeration. In these conditions, particle growth occurs through coalescence
in addition to monomer migration (where BSA is the monomer), resulting in
a larger average size and polydispersity. At particularly high addition rates,
the time frame for nucleation is short, resulting in fewer nuclei and thus larger
particle size as desolvated BSA is distributed between fewer growing seeds. The
ideal system maximizes nucleation sites while minimizing coalescence (as well
as other growth mechanisms like Ostwald ripening). For the investigated scale,
where 8 mL of absolute ethanol is infused to 2 mL of aqueous albumin solution
for a total volume of 10 mL, minimum size and size distribution was achieved
at an ethanol addition rate of ~ 0.625 mL/min, with crosslinker added imme-
diately afterwards. Unless stated otherwise, all other syntheses were performed
using this optimal ethanol addition rate.

12
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Figure 3: Collected data for particle size measured using DLS for four ethanol addition rates:
0.25, 0.5, 0.75, and 1.0 mL/min (each with n=3). A quadratic regression was performed on
the data, with the line of best fit indicating a local minimum in particle size associated with
an addition rate of 0.629 mL/min, which was rounded down to 0.625 mL/min for purposes of
simplifying calculations.

3.3. Effect of Crosslinker

The specific crosslinker used during synthesis, either GT or GLU, was found
to only have immediate effects on the size and optical properties of resultant
particles. Differences in long-term stability are discussed further in section
Nanoparticles crosslinked with GLU were found to have a larger average size
than particles crosslinked with GT in otherwise identical conditions. However,
this difference in the optimized procedure is generally less than 30 nm, and
many samples are within 10 nm. This may be attributed to the slower kinet-
ics of GLU crosslinking forming fewer total crosslinks [26] and larger physical
size of the GLU crosslink making it easier for the particle to swell [27]. The
other main difference between crosslinkers comes from optical properties. GT
crosslinking is associated with a color change, with the dispersion appearing
a reddish-yellow color (see supporting video S2), a phenomenon reported in
previous literature arising from the crosslink molecule itself and possibly from
certain aldol condensation oligomer products [57, 58]. GLU crosslinking, on
the other hand, exhibits no clear color change, with the dispersion appearing a
cloudy white (see Fig. . While the glucose crosslink molecule is more poorly
understood, previous literature indicates that advanced glycation end products
(AGEs) primarily absorb light in near-UV and blue wavelengths, although the
blue absorbance peak is much lower in magnitude than that of UV [59] [60, [61].
At the concentrations studied in this work, glucose-crosslinked samples appear
colorless or white in bulk media. Zeta potential of the synthesized particles
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using GT and GLU as crosslinkers are provided in Fig. [4C as a function of pH.
GT-crosslinked particles exhibit a larger magnitude of zeta potential at all pH
values studied.

C —=— Glutaraldehyde
—e— Glucose

Figure 4: Two fresh dispersions of BSA nanoparticles, synthesized using the optimized pro-
cedure (pH = 9, 0.625 mL/min ethanol addition rate). (A) Glutaraldehyde as crosslinker,
yielding a yellowish translucent dispersion with average size of 86 £ 0.6 nm. (B) Glucose as
crosslinker, yielding a white translucent dispersion with average size of 115 + 4.4 nm. (C) Zeta
potential of BSA nanoparticles synthesized using glutaraldehyde and glucose as crosslinker
(each with n=3). Particles were synthesized using the optimized procedure (pH=9, ethanol
addition rate of 0.625 mL/min), washed and redispersed in 1 mM KNOs.

8.4. Effect of Electrolyte Addition during Synthesis

Nanoparticles were synthesized using the optimized procedure (ethanol in-
fused against glass at 0.625 mL/min, pH of 9) and GT as crosslinker, varying
only the concentration of electrolytes in the reaction medium or in the redisper-
sal medium. The effect of increasing electrolyte concentration could be visually
observed during synthesis. It was found that, as electrolyte concentration in the
reaction medium increased, both size and polydispersity of the resulting parti-
cles increased (see Fig. . Syntheses in media without additional electrolytes
were found to corroborate the predictions made by the trendline of ethanol ad-
dition rate (compare Fig. [3| to the first column of Fig. [5)). Weak electrolyte
solutions yielded larger particles in a slightly more turbid suspension compared
to syntheses in ultrapure water, whereas strong electrolyte solutions (exceeding
around 10 mM) produced inherently unstable and murky particle dispersions,
with some aggregates settling out immediately (see Figs. [5& . In these cases,
the aggregates were recovered and included in later DLS measurements to the
best of our ability. Beyond 20 mM electrolyte concentration, the synthesis would
effectively fail, with protein crashing out of solution and forming a thick aggre-
gate on the glass during the reaction step. Recovery of these aggregates was not
feasible, so the DLS data for these samples likely underestimates average par-
ticle size. This trend is in agreement with observations previously made in the
literature |2I]. In the optimized procedure in pH-equilibrated ultrapure water,
turbidity slowly increased as ethanol was infused, eventually yielding a translu-
cent dispersion. In syntheses of increasing electrolyte concentration (up to 0.5x

14
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PBS), the transition between clear solution and turbid dispersion became both
faster and more dramatic. In syntheses using strong electrolyte concentrations
(20 mM NaCl or higher), the solution transitioned from clear to nearly opaque
in a span of seconds, indicative of weak colloidal stability of the protein, which
resulted in rapid formation of larger, more polydisperse, and less stable parti-
cles. The size was indeed tunable, but control was very sensitive, and came at
the cost of larger size distributions.

1800
n.s.
I
1500 4 p <0.001
p <0.001 ‘
1200 4 p < 0.001 _
£ ) I'p<0.001
£ p <0.001
ﬁ 900
n <0.001
600
p<0.001 p<0.001 ' p<0.001'p<0.001
300 ‘ ’
04 AL

T
Ultrapure 5mM 10 mM 0.1x 20 mM 0.5x
Water  NaCl NaCl PBS NaCl PBS

Electrolyte

Figure 5: DLS data for the size of GT-crosslinked BSA nanoparticles synthesized in electrolyte
solutions of increasing strength, with error bars equal to 1o. From left to right, n=5, n=>5,
n=4, n=3, n=3, n=3, respectively. The listed medium is the mother liquor which was then
equilibrated to a pH of 9 using 1 M KOH. The formulation of PBS used has a total strength of
around 150 mM at 1x concentration. DLS measurements were performed after the centrifuga-
tion and washing steps, and all listed samples were diluted in ultrapure water. As electrolytic
strength of the reaction medium increases, so does both average size and polydispersity, di-
verging at concentrations beyond 20 mM. Particles synthesized in 0.5x PBS exhibited large
aggregates, resulting in a standard deviation comparable to the average size due to the high
spread of the data points.

In terms of zeta potential, the presence of electrolytes during the synthesis
procedure had no permanent effect on protein structure or charge, only serv-
ing to mask charges during the synthesis procedure. As the electrolytes were
removed during the washing procedure, shielding of the charges by the ionic
cloud was consequently removed. As a result, the particle zeta potential values
exhibited similar values across the pH spectrum studied, and were independent
of the initial electrolytic strength (see Fig. @ Thus, we can think of reaction
electrolytic strength as a tool to tune the final size of synthesized nanoparticles
without altering zeta potential, although this comes at the cost of increased
polydispersity and is limited in scope (as size begins to diverge at electrolytic
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strengths beyond about 20 mM of a monovalent salt, k! ~ 2.1 nm).
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Figure 6: Zeta potential of BSA nanoparticles synthesized in several different concentrations
of KNOs, all washed and redispersed in 1 mM KNOgz (n=3 for each electrolytic strength).
Regardless of electrolytic strength during synthesis, zeta potential of the washed dispersion
was effectively unchanged, and the isoelectric point remained similar to that of naked albumin.

3.5. Effect of pH Following Synthesis

Analysis of zeta potential of synthesized particles across a range of pH from
3-10 showed that the synthesis and crosslinking of particles does not significantly
shift the isoelectric point (see Fig. @ Further, at pH values exceeding 6, the
zeta potential roughly plateaus at a value greater than 30 mV in magnitude,
indicating a sizable range of pH where particles would remain colloidally stable
(neglecting the effect of other chemical or environmental factors) [62]. Notably,
at physiological pH (around 7.4), zeta potential measurements indicate high
stability, which along with the mildness of these conditions contributes to the
observed slow aging of particles synthesized by the optimized procedure. We
suspect that, since the particles are synthesized and crosslinked under alkaline
conditions, where the B-form is most stable, but stored under neutral conditions
where the N-form is most stable, that the tendency of the protein molecules to
revert to the N-form may introduce an entropic strain within the nanoparticles.
Further research into the morphological change associated with the N-B tran-
sition is necessary for this to be anything more than hypothetical. This strain
is likely small, as the B-form does not appear to undergo a dramatic morpho-
logical transformation like that seen in the F-form [50], and may increase the
porosity of the particles or their ability to bind certain ligands. Such strain may
also increase the kinetics of crosslink breakage or other mechanisms of particle
degradation [63]. However, storage in alkalaine conditions pH > 8 would not
be advantageous regardless of the most favorable morphological state of BSA.
Prolonged exposure to alkaline conditions could result in alkaline hydrolysis of
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structurally-important disulfide bonds and peptide bonds of the protein back-
bone within BSA molecules, degrading the nanoparticle structure [64), 65]. This
effect was visually observed as an increase in turbidity of dispersion aliquots
that were held at pH > 9 for periods exceeding around an hour. Further, this
would introduce the need to equilibrate pH before a stored dispersion could be
utilized in cellular applications.

8.6. Morphology Analysis

BSA nanoparticles were analyzed to study their morphology using SEM and
TEM. It was desired for nanoparticles to exist as single spheres in dispersion,
only forming multisphere complexes in the event of aggregation due to aging or
drying (due to Marangoni flows). It was also desired to view nanoparticles in
as close to their native state as possible, so no sputter coating was performed
for SEM samples. These naked nanoparticles are relatively poor conductors, so
samples, particularly of smaller nanoparticles, suffered from charging artifacts
and progressive radiation damage. It was found that particles crosslinked with
glutaraldehyde were more resistant to electron microscopy operating conditions,
which follows from glutaraldehyde commonly being used as a fixative for biolog-
ical samples. Samples for SEM were prepared by allowing a droplet of aqueous
dispersion to air-dry, so samples visually displayed the coffee ring effect under
low magnification even when diluted. Magnifying the “coffee ring” region re-
vealed a layer of aggregated spherical nanoparticles (see Fig. E[) Parts B and D
of Fig. [7] show the nanostructure of these aggregates, representing an optimized
and unoptimized synthesis, respectively. It can be seen that generally particles
are spherical, but the optimized procedure yields highly spherical and monodis-
perse nanoparticles, whereas unoptimized synthesis procedures yield particles
of a wide size range. In short, SEM sample preparation rendered samples prone
to damage over time, but imaging yielded useful information related to physical
size and monodispersity, as well as some surface characteristics. The individual
particles measured by SEM are within a few nanometers of the average size
reported by DLS. The two results are in agreement as DLS measures the parti-
cles’ size in their hydrated state. TEM imaging enabled us to capture higher-
resolution images of particles and provided a longer imaging window; however,
uranyl acetate staining is known to cause contraction of biological materials,
so TEM micrographs were unreliable for determining average size of particles
[66, 67]. However, TEM imaging also confirmed the spherical morphology and
monodisperse size distribution of nanoparticle dispersions.

8.7. Long-Term Stability Analysis

Colloidal stability was periodically assessed by tracking the hydrodynamic
size and comparing it to the initial size at the time of synthesis. Further, parti-
cle morphology was investigated over time to help elucidate failure modes of the
albumin nanospheres as they aged. It was found that, regardless of crosslinker,
particles synthesized using the optimized procedure and redispersed in ultra-
pure water or a weak electrolyte solution (such as 1 mM KNQOj3) remained col-
loidally stable for over one year to date, exhibiting no visible flocculation (see
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Figure 7: (A) Highly concentrated domain of ~ 100 nm BSA nanoparticles formed by the
coffee ring effect, imaged using SEM. Despite low accelerating voltage, a faint rectangle of
sample damage from reduced-area scans is visible. Individual nanoparticles are highly spher-
ical and monodisperse. Particles synthesized using the optimized procedure (pH=9, ethanol
addition rate of 0.625 mL/min), GT crosslinker. Thickness of the imaged domain represents
a multilayer of nanoparticles, indicating high yield for the optimized synthesis. (B) Higher-
magnification SEM image of the same sample depicted in (A). Individual nanoparticles are
highly spherical and monodisperse. (C) Low-magnification SEM image of a “coffee ring” ag-
gregate of roughly 400 nm BSA nanoparticles. Particles synthesized using an unoptimized
procedure (pH=10.5, dropwise ethanol addition at 1 mL/min), GT crosslinker. (D) Higher-
magnification SEM image of the same sample depicted in (C).

Figs. |8 and Tables |3 & E[) Notably, we see a larger increase in average size
in GLU-crosslinked particles than GT-crosslinked particles over the same time
spans. We speculate that this is due to three factors: slower kinetics of the GLU
crosslinking reaction (therefore fewer crosslinks formed) and larger physical size
of the crosslink (therefore more subject to swelling), and lower colloidal stability
rendering GLU-crosslinked particles more susceptible to aggregation (see Fig.
Ié-_lp) Samples synthesized in concentrated electrolyte solution exhibited poor
stability regardless of the redispersal medium, with stability negatively corre-
lated to electrolyte concentration during synthesis but not strongly trending
with redispersal medium for the time period and concentrations studied (see
Fig. .

From zeta potential measurements we determine that particles synthesized
in a range of electrolytic strengths should maintain colloidal stability (see Fig.
@; however, we document sedimentation of particle dispersions synthesized in
electrolyte solutions > 10 mM of a monovalent salt. This indicates gravitational
instability of larger particles, where increased size and mass decreases the grav-
itational length (the ratio between the thermal energy and buoyant force acting
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Figure 8: Visual comparison of seven nanoparticle dispersions, with one fresh dispersion
on the left panel for reference, three aged dispersions with varying electrolytic strengths in
the reaction medium (middle panel), and three aged dispersions with varying electrolytic
strengths in the redispersal medium (right panel). All aged dispersions are around 8 months
old, and all particles were synthesized using the optimized procedure and GT crosslinker.
(A) Dispersion of freshly-synthesized BSA nanoparticles, redispersed in ultrapure water. (B)
Dispersion of particles synthesized in 5 mM NaCl and redispersed in ultrapure water. Solution
is turbid but there is no sedimentation. (C) Dispersion of particles synthesized in 10 mM NaCl
and redispersed in ultrapure water. Dispersion is highly cloudy and has begun to sediment
out. (D) Dispersion of particles synthesized in 0.1x PBS and redispersed in ultrapure water.
Dispersion has noticeably separated, with a packed layer of sediment. (E) The same sample
as (A), now aged roughly 8 months. The aged dispersion is visually indistinguishable from the
fresh dispersion. (F) Dispersion of particles synthesized in ultrapure water and redispersed in
0.1x PBS. Dispersion is visually similar to a fresh sample with no sediment. (G) Dispersion
of particles synthesized in ultrapure water and redispersed in 1x PBS. Dispersion is visually
similar to a fresh sample with no sediment.

on a particle), resulting in sedimentation [68]. We see this phenomenon trend
with particle size when comparing Fig. [f] and Fig. [ as the sediment layer of
sample C is taller than the sediment layer of sample D.

As illustrated in Fig. [8] the long-term stability of BSA nanosphere samples
was strongly influenced by the reaction conditions, as average size trends posi-
tively with reaction electrolytic strength and larger particles are inherently less
gravitationally stable. Zeta potential measurements indicate that these parti-
cles are still colloidally stable, but the density mismatch with solution causes
them to sediment out over time. However, it was found that flocs formed in
non-optimal samples were often of a loose physical association that could be
reversed with vortexting, dilution, sonication, or even simple stirring. For ex-
ample, a sample synthesized in 10 mM NaCl (labeled as sample D in Fig.
had aggregates that were visible with the naked eye after aging for roughly 8
months, but after vortexing the bulk sample and diluting an aliquot for DLS
analysis, average size was reported as 1484+2.8 nm with a PDI of 0.06. When
comparing to the size reported by DLS when the particles were first synthesized,
which was 146+3.8 nm with a PDI of 0.06, we may conclude that flocculation of
these BSA nanoparticles is largely reversible if the particles within the floc are
not significantly degraded. This does not apply generally, however, as samples
synthesized in strong electrolytic strengths (i.e. > 20 mM of a monovalent salt)
had large aggregates that persisted even when sonicated.
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Particles were also synthesized in ultrapure water equilibrated to a pH of 9
per the optimized procedure before washing and redispersal in a variety of elec-
trolyte solutions. BSA nanoparticles dispersed in electrolytic strengths up to 1x
PBS behaved, visually appeared, and aged nearly indistinguishably from sam-
ples redispersed in ultrapure water or 1 mM KNOg3. As expected, zeta potential
measurements indicate decreased colloidal stability as electrolytic strength in-
creases (see Fig. @, with electrolytic strength of 100 mM KNOj resulting in
“Incipient” stability (-15 < ¢ < -30 mV) [62] [69]. 100 mM KNOs is of compara-
ble electrolytic strength to 1x PBS, which is designed to emulate physiological
conditions. The two solutions have Debye lengths (k~!) of ~ 0.96 and ~ 0.70
nm, respectively [70], whereas in 1 M KNOj it shrinks to &~ 0.3 nm. Storage in
electrolytic solutions more concentrated than around 1x PBS will likely result
in agglomeration and precipitation, but dispersions in solutions of 1x PBS or
weaker have remained stable one year after initial synthesis (see Table [2). In
summary, when BSA nanoparticles were synthesized via the optimized proce-
dure, redispersal media with an electrolytic strength comparable to physiological
conditions or weaker had a minor effect for the time period studied (see Table

2).

—=— 1000 mM KNO,
—o— 100 mM KNO,
—4— 10 mM KNO,4
—v— 1 mM KNO;,4

Zeta Potential (mV)

pH

Figure 9: Zeta potential of BSA nanoparticles synthesized according to the optimized proce-
dure (pH=9, 0.625 mL/min ethanol addition rate) crosslinked using GT, washed and redis-
persed in KNO3s solutions of various strength (n=3 for each electrolytic strength). Particles
were around 3 months old at the time of measurement. Magnitude of zeta potential decreases
as electrolytic strength of the redispersal medium increases. However, even solutions in 100
mM KNOg are stable at physiological pH, which roughly corresponds with biosimilar elec-
trolytic conditions.

In stable dispersions produced via the optimized procedure, no visible flocs
have yet formed at the time scale of around a year. Even with glucose-crosslinked
particles, which we would generally assume to be less stable due to the slower
kinetics of the crosslinking reaction, larger physical size of the crosslink bridge,
and less favorable equilibrium, it takes many months before we see a statistically
significant change in average particle size (see Tables|3|& , with polydispersity
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Table 2: Average particle size measured at the time of synthesis and at discrete time periods
afterwards for GT-crosslinked samples, measured using DLS. Synthesis followed the optimized
procedure described in Section[2:2]and washed samples were redispersed in phosphate-buffered
saline (PBS) solutions of increasing strength, labeled in the “Sample” column.

Sample  Age (days) Size (nm) PDI

0.1x PBS 0 87+ 2.8 0.10
92 90 +14 0.07

346 91 +4.0 0.10

0.5x PBS 0 97 £0.7 0.11
91 9% £1.6 0.11

345 102+ 7.2 0.14

1.0x PBS 0 101 £ 1.5 0.06
88 102 = 1.7 0.06

341 107 £ 9.2 0.09

Table 3: Average particle size measured at the time of synthesis and at discrete time periods
afterwards for GT-crosslinked samples, measured using DLS. Synthesis followed the optimized
procedure described in Section [2:2] and washed samples were redispersed in 1 mM KNOs.
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Glutaraldehyde Crosslinker
Sample Age (days) Size (nm) PDI
1 0 108 £ 1.3 0.10
108 108 £2.7 0.08
282 109 £ 1.3 0.08
2 0 96 + 3.1 0.08
74 90 £ 2.7 0.09
O 253 93 +£4.2 0.07
3 0 95 +6.2 0.05
53 95+ 1.7 0.05
306 99 £ 6.0 0.07
4 0 112 £ 1.6 0.08
43 109 £ 2.7 0.04
296 112 £ 83 0.08
5 0 86 + 1.6 0.10
47 88 £2.3 0.10
121 88 £ 6.0 0.08
6 0 86 + 0.6 0.11
7 8723 0.11
103 90 £ 6.0 0.10
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Table 4: Average particle size measured at the time of synthesis and at discrete time periods
afterwards for GLU-crosslinked samples, measured using DLS. Synthesis procedure followed

that described in Section 2.2

Glucose Crosslinker

Sample Age (days) Size (nm) PDI
1 0 110 £ 0.6  0.03
73 118 £ 2.2 0.06

246 129 +£ 3.8 0.07

2 0 94+11 0.04
29 9 +15 0.05

312 108 £ 5.7 0.06

3 0 100 £ 4.4 0.04
62 101 £3.9 0.04

311 108 £ 79 0.04

4 0 92 £1.9 0.05
30 98 £2.2 0.07

271 98 £8.2 0.04

5 0 96 £ 2.3 0.08
175 104 £ 3.5 0.04

249 109 £ 5.5 0.08

6 0 108 £3.9 0.05
127 116 £ 2.9 0.06

201 121 £ 82 0.06
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remaining small as well. With initial average particle size typically just below
100 nm, size changes of this magnitude still represent a quite small change in
diameter. Regardless, we find that GLU-crosslinked particles exhibit a larger
increase in size compared to GT-crosslinked particles. It is notable that these
changes in dispersion character are significantly smaller than those reported by
Amighi et al. 2020 [20] and Jun et al. 2011 [23], which do not report even
“optimized” dispersions remaining stable beyond three months after synthesis.
Both of the aforementioned studies utilized a probe sonicator for particle re-
dispersion, whereas this study utilized a vortexer. We speculate that the shear
forces particles were exposed to during probe sonication may have destabilized
them, where the gentler treatment of a vortexer preserved their structural in-
tegrity. The differences in reported stability make it clear that optimization
of washing steps is also important. Regardless, further information about par-
ticle conformation at these points in the aging time frame where degradation
becomes relevant is necessary, which is where electron microscopy comes in.

When imaging using SEM, it was found that particles were damaged by
the electron beam. It was infeasible to capture high-resolution surface charac-
teristics of small particles before they were significantly damaged, and sputter
coating would conceal any of these surface details. However, it was found that
larger spheres produced via an intentionally unoptimized procedure could be
imaged without issue, so these images were used for Fig. [I0] By imaging the
same sample of particles at several different points in time, we observed “fray-
ing” around the edges as they aged (see Fig. ), adding a surface roughness
not observed in fresh particles regardless of crosslinker. While this does not
compromise the particle’s stability (see Fig. ) or bulk characteristics at this
stage, it indicates that the gradual failure mechanism that the particles undergo
primarily occurs from the outside in. Bonds break over time and the “solid” char-
acter of fresh nanoparticles is progressively diminished. We may observe this in
highly aged samples, such as in Fig. [I0IC, where some particles have degraded
to the point of losing surface material to the bulk media. These results indicate
that drug formulations involving immobilization of surface ligands would have
a shorter efficacy lifetime relative to simpler drug-loading applications. How-
ever, zeta potential measurements indicate that this slow degradation process
does not significantly reduce colloidal stability for the time period studied, with
even highly aged samples exhibiting zeta potentials > 30 mV in magnitude at
physiological pH. Studies by Michnik et al. 2005 [7I] and Madeira et al. 2021
[72] indicate that albumin protein tends to aggregate and eventually thermally
denature when stored in aqueous conditions for long periods of time. Neither of
these phenomena result in changes in the chemical composition of the protein,
so considering the zeta potential data we believe that the observed degradation
occurs via breaking of crosslink bonds.

We gain further insight into this process in TEM when samples are prepared
on holey carbon grids. Irradiation with the electron beam causes beam-induced
motion of the holes of the holey carbon grid, pulling nanoparticles that aggre-
gated near the edge apart. When this happens, we see that some material pulls
away from the particle surface, as though the particles were sticky (see Fig.
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Figure 10: SEM image of BSA particles synthesized using dropwise ethanol addition at a rate of
1 mL/min, initial pH = 7, and GT crosslinker. (A) at the time of imaging the sample had aged
for 7 days and particles appeared smooth. (B) The same sample, aged for 23 days in open air.
Particles were beginning to appear slightly “frayed” around the edges. (C) The same sample,
aged for 554 days in aqueous dispersion. Some particles exhibit surface degradation and
increased surface roughness. (D) Zeta potential of BSA nanoparticles synthesized according
to the optimized procedure (pH=9, 0.625 mL/min ethanol addition rate), crosslinked with
GT, washed and redispersed in 1 mM KNO3 (n=3). Measurements were taken immediately
after synthesis and after aging in aqueous dispersion for 435 days. A minor reduction in zeta
potential at all pH values was measured, but the aged dispersion remains highly colloidally
stable.
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This process occurred over the course of imaging, and may represent an
accelerated version of the degradation imaged in SEM. As electrons bombard
the sample, bonds are broken and the sample decays from the outside in, ex-
acerbating the “fraying” degradation seen in particles of similar age in SEM.
In dispersion, the nanoparticles likely fail via an analogous long-term mecha-
nism (see Fig. . The outermost layers of crosslinks or intramolecular bonds
progressively break, but the particle remains nearly constant in size due to the
physical interactions between protein monomers (van der Waals forces, steric
hindrance, etc.), resulting in a sort of soft, gel-like layer similar to a corona.
Over time, failure occurs via sloughing of this soft material into solution as
well as collisions between “sticky” or “frayed” particles resulting in aggregation,
whereas fresh particles are more likely to elastically collide or form small ag-
gregates that can be broken apart with gentle shear forces. The polydispersity
index also trends very weakly with age, but has been observed to decrease
slightly with many samples. We suspect that these less predictable changes in
PDI could be partially due to the Vroman effect, with free albumin that has
resolubilized before adsorbing to other particles as a protein corona [I1].

Figure 11: (A) TEM image of BSA nanoparticles synthesized using the optimized procedure
(pH=9, ethanol addition rate of 0.625 mL/min), GLU crosslinker. Sample was stained with
uranyl acetate and incubated on a glow-discharged copper grid with holey carbon film. 20
days old at the time of imaging. (B) The same sample imaged when 35 days old, sample stored
in open air. At holes in the film, particles tend to aggregate, with particles that collide slowly
being separated as electron radiation induces movement of the support film. These slightly
aged particles appear “frayed” and behave as if they are “sticky” when interacting with other
particles in the irradiated environment. Note that particles deposited away from holes (such
as those in the bottom right) do not display this behavior.

4. Conclusion

Bovine serum albumin nanospheres were produced via desolvation proce-
dure optimized to minimize size and maximize stability at room temperature.
In agreement with previous studies, this work finds desolvation to be an effective
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and consistent method of nanoparticle synthesis. It was found that both pH and
desolvating agent addition rate have optimum values, following approximately
parabolic trends with local minima in particle size for the ranges studied. To
our knowledge, this work is the first to optimize the parameter of desolvating
agent addition. Optimized values for these two parameters were pH = 9 and
ethanol addition rate of 0.625 mL/min, with the ethanol added via infusion
against the wall of the synthesis vial. The effect of two crosslinkers, glutaralde-
hyde and glucose, were studied for their effect on particle size and stability. The
optimized synthesis procedure yielded average particle sizes of 86+3.8 nm using
glutaraldehyde as a crosslinker and a size of 924+1.8 using glucose as a crosslinker
with polydispersity indices of 0.08 and 0.05, respectively. This indicates a high
degree of monodispersity for both crosslinkers, exceeding that reported in pre-
vious literature. At physiological pH (7.0-7.4) and dispersal medium of 1 mM
KNO3, these optimized nanoparticle samples were found to have zeta poten-
tials of -32£2.3 mV for glutaraldehyde-crosslinked particles and -394+7.1 mV for
glucose-crosslinked particles, indicating high colloidal stability [62} 69]. Particles
maintained long-term colloidal stability in physiological electrolytic conditions,
and the small Debye length in these conditions (k~! < 1 nm) is capable of
accommodating small-molecule ligands or antibodies [73]. The optimization
steps taken by this study yielded glucose-crosslinked BSA nanoparticles with a
stability exceeding that reported in previous literature. This improvement in
stability is especially relevant in cell targeting and artificial antigen presentation
applications [30] [74].

Nanoparticle morphology was confirmed using electron microscopy imaging,
providing insight into how BSA nanoparticles age. DLS and zeta potential
analyses were performed to study the long-term stability of particle suspensions.
It was found that the optimized procedure yields small, highly monodisperse
particles that “fray” around the edges as they age, progressively losing their
originally smooth surface character. For both studied crosslinkers, particles
were found to exhibit superior stability compared to what is reported in the
literature [20], 23]. Using the optimized procedure, particles of similar size and
zeta potential were achieved when glutaraldehyde was substituted with glucose.
These findings will be beneficial in applications where BSA nanoparticles will
be used in biological systems and glutaraldehyde should be avoided.

Several areas for future research are also identified by this work. The use-
fulness of protein-based particles as nanocarriers for controlled release of drugs
has been studied in many publications, but fewer have investigated protein-
drug conjugates (Abraxane® and similar therapies being exceptions), inviting
further research into conjugation of therapeutics for both controlled-release and
cell-targeting applications. Additional research is necessary to understand the
role of the B-form of BSA in the optimized desolvation procedure, as well as
the chemical mechanism behind GLU crosslinking (specifically the formation of
glucosepane). Further inquiry in these areas would make for a more holistic
understanding of the nanoparticle synthesis process, which would aid in both
fine-tuning and scaling of that process. The desolvation procedure used in this
study requires less specialized equipment and less hazardous conditions com-
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pared to HPH, but the appeal of continuous production invites further research
guided by the findings of this work.
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The data supporting the findings of this study are available within the article, and supplementary
video is provided in the supplementary materials. Raw data is available upon request. S1 timelapse
of desolvation under optimized conditions and addition of glutaraldehyde crosslinker, S2 timelapse
of the glutaraldehyde crosslinking reaction.
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