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A B S T R A C T

Submicron particles prepared by complexing chitosan with tripolyphosphate (TPP) attract widespread interest as
potential drug, gene and vaccine delivery vehicles, and many published studies examine their release properties.
Despite these sustained efforts, however, literature on the release performance of chitosan/TPP micro- and
nanoparticles is filled with conflicting results, with some reporting nearly instantaneous release, while others
showing the release to be sustained for up to multiple days. To resolve these opposing findings, we recently
postulated that the in vitro release profiles obtained from chitosan/TPP particles by the standard “sample and
separate” or “solvent replacement” method (where the solvent was periodically replaced with fresh buffer and
analyzed for the released bioactive molecule content) may have been subject to strong experimental artifacts and
not have reflected their true release behavior. To explore this possibility, here we examine several experimental
artifacts that may arise during such in vitro experiments and show that conflicting findings on release from
chitosan/TPP particles can arise from: (1) incomplete particle separation from the release media upon cen-
trifugation; (2) irreversible particle coagulation; and (3) failure to maintain sink conditions. Moreover, we show
that some of the longer-lasting release profiles may reflect the use of physiologically irrelevant (low-ionic-
strength) release media. By analyzing and discussing these effects, this article provides guidelines for obtaining
more reliable release profiles for chitosan/TPP micro- and nanoparticles and other/related colloidal carriers.

1. Introduction

In the past two decades, micro- and nanoparticles prepared through
the ionotropic gelation of chitosan with tripolyphosphate (TPP) have
been extensively investigated for the delivery of drugs, vaccines, and
genes [1–4]. This broad interest stems from their several attractive
properties, such as forming under very mild conditions (i.e., by simply
mixing TPP into dilute chitosan solutions), preserving the bioactivity of
their sensitive payloads [5,6], being mucoadhesive [7], and enhancing
molecular penetration across epithelial layers [8,9]. Despite the many
academic studies performed on these materials, however, the reported
in vitro release profiles obtained with chitosan/TPP particles vary sig-
nificantly, even when the same model payload and similar release
media (e.g., phosphate buffer) are used. Some studies, for instance,
indicate immediate payload release [10–12], while others show release
that is sustained over timescales as long as weeks [6,13–15]. These
opposing findings cloud the understanding of the release properties of
chitosan/TPP particles and make their safe and efficacious application
difficult to achieve.

The overwhelming majority of in vitro release studies on chitosan/
TPP particles use two experimental methods. The first is the “sample
and separate” (or “solvent replacement”) method, where the release
media is periodically replaced and tested for its released payload con-
tent [10–12,16], while the second is the dialysis method, where parti-
cles are placed in a dialysis bag and dialyzed against a release medium,
which is maintained at sink conditions (i.e., conditions where payload
accumulation in the release media does not appreciably impede its
further release) [17–19]. Previous reports have shown that reliable
release profiles via the dialysis method can only be achieved when
release from the micro- and nanoparticles is much slower than the time
required for the released molecules to be eluted from the dialysis bag
[20–23]. These studies revealed that, for colloidal carriers that can
reversibly bind their payloads (like the chitosan/TPP particles), the
measured release from the dialysis bag is slower when particles are used
than for the particle-free control, even when the actual release from the
particles is immediate [20–22]. This result reflects equilibrium parti-
tioning between the particles and release media – i.e., if a fraction of the
releasing solute in the dialysis bag is always bound to the particles, the
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release from the bag is slower, even if the solute transport in and out of
the particles is instantaneous. Moreover, these analyses showed that
release times obtained under conditions where solute release from the
particles is faster than its release from dialysis bags depend strongly on
the area-to-volume ratios (and pore structures) of the dialysis bags
used; which, when taken together, calls into question much of the
chitosan/TPP micro- and nanoparticle release data collected using this
method [20,23].

Besides these problems with the dialysis method, conflicting release
profiles from chitosan/TPP particles are also seen in studies that use the
centrifugation-assisted “sample and separate” or “solvent replacement”
method, which has been used in studies on chitosan/TPP particles even
more frequently than the aforementioned dialysis method [10–12,16].
The widespread use of this method reflects the wide availability of
centrifuges in academic labs and the ability to achieve selective se-
paration of colloidal dispersions by tuning the centrifugation force and
time. A drug-loaded chitosan/TPP micro- and nanoparticle dispersion,
for instance, is a mixture of soluble drug, chitosan and drug/chitosan
complexes, and drug-loaded chitosan/TPP particles [24]. Because the
particles are denser than water (and are comparatively large), cen-
trifugation enables one to sediment the chitosan/TPP particles while
keeping the other (soluble) components in the supernatant. Since most
release profiles obtained from chitosan/TPP particles by the sample and
separate method were obtained by separating the particles from the
supernatant by centrifugation (see Fig. 1), we hypothesized that in-
consistencies in the reported release profiles may have stemmed from
four possible artifacts that can occur when the centrifugation-assisted
sample and separate method is used. These are described in the para-
graphs below.

The first artifact that could strongly distort the release profiles in
these experiments is the incomplete recovery of payload-bearing par-
ticles upon centrifugation [25,26]. In other words, a weak centrifugal
force and short centrifugation time might not remove all the particles
from the release media. Such persistence of payload-containing parti-
cles in the release media may lead to an overestimation of the release
rate, as concentration measurement techniques do not always distin-
guish between the released molecules and the molecules within the
particles (see Supplementary Data, Section A). Conversely, if the par-
ticle-loaded molecules in the supernatant are not detected, this in-
complete particle recovery may lead to an underestimation of the total
amount of release from the chitosan/TPP particles (since the true
amount that can be released becomes smaller than that assumed to be
present). To prevent this, a high centrifugal force and long centrifuga-
tion time may be needed.

The second major issue that could affect the apparent release rates is
the extensive centrifugation that is required to fully sequester the
particles. Based on this strong centrifugation, our second conjecture is
that some of the inconsistency in the reported release profiles could
reflect the centrifugation-induced coagulation of chitosan/TPP micro-
and nanoparticles into macroscopic gels. Such coagulation is typically
irreversible, and therefore (by increasing the diffusion distance) likely
extends the release times. This could render the release profiles sensi-
tive to variations in centrifugation methods (i.e., variations in

centrifugal force and time). More extensive centrifugation, for instance,
could increase the extent of such coagulation and may thus reduce the
release rates.

To prevent this coagulation, glycerol beds are sometimes used
[11,27,28]. By adding a small amount of glycerol to the bottom of the
centrifuge tube, the sedimented particles can be suspended inside the
glycerol layer, which limits their irreversible coagulation upon cen-
trifugation. This effect is caused by the dense glycerol (through its in-
terdiffusion with the aqueous buffer) generating a density gradient at
the bottom of the tube. Due to this diffusion, and the density of pure
glycerol exceeding that of chitosan/TPP particles, the particles remain
suspended/dispersed near the bottom of the centrifuge tube rather
being deposited and coagulated on its bottom surface. Even when gly-
cerol beds are used, however, it is unclear that the particles remain
stable to coagulation over multiple centrifugation/solvent replacement
cycles, which could again affect the measured release profiles.

The third possible reason for the opposing literature release rates is
the variability in the release media compositions. Because solvent pH
and ionic strength can affect both the particle structure [29–31] and
payload molecule/particle interactions [24,32,33], this variability in
release media compositions undoubtedly results in disparate release
characteristics. Many reports, for instance, use phosphate buffered
saline (PBS) as the release media [10,11,14]. In these studies, release
profiles obtained via the sample and separate method often reveal rapid
release before the first solvent replacement step, followed by a plateau
(which suggests that all “releasable” payload is rapidly eluted from the
particles [10,11,14]). Conversely, the two seminal papers on chitosan/
TPP micro- and nanoparticles by Calvo et al. showed that the chitosan/
TPP particles can release the protein bovine serum albumin (BSA) for
more than one week [34,35]. In their work, however, a salt-free tre-
halose solution instead of a physiological ionic strength buffer (e.g.,
PBS) was used as the release medium. It is well-known that salt can
diminish the electrostatic binding between oppositely charged proteins
and polyelectrolytes [36–38]. Thus, we postulated that this long-term
release could result from the choice of salt-free trehalose solution as the
release media, where (unlike in a saline environment) BSA could re-
main associated with the particles due to a strong protein/particle
binding.

Further, the fourth possible artifact that could underlie the con-
flicting reports is that it is commonly ignored that the sampling/solvent
replacement frequency (i.e., the time interval between each sampling/
solvent replacement step) could affect the release profile, especially
when the actual release is fast [20]. This may result from the equili-
brium partitioning of the releasing molecules between the liquid media
and solid particles where, once equilibrium partitioning is achieved, no
further release may occur until the next solvent replacement step. In
other words, “sink conditions,” which are typically assumed in release
experiments, are not maintained and bioactive payload accumulation in
the release media impedes its further release. When the release is faster
than the sampling frequency (such that equilibrium partitioning be-
tween the particles and media is reached before the solvent is replaced),
the release profile could be predominantly controlled by the solvent
replacement frequency [20]. Thus, we surmised that low solvent re-
placement frequencies – which are used in many studies showing
chitosan/TPP particles to provide release over multi-day timescales
[6,14,15,34,35] – may lead to much slower apparent release than high
solvent replacement frequencies and introduce significant experimental
artifacts into the release rate measurements.

In summary, we hypothesized that many of the conflicting release
profiles obtained by analyzing chitosan/TPP micro- and nanoparticles
via the “sample and separate” (or solvent replacement) method were
caused by: (1) irreversible micro- and nanoparticle coagulation during
centrifugation; (2) failure to completely separate the particles from the
supernatant; (3) inconsistency in the release media compositions used;
and (4) use of varied (and inappropriately selected) solvent replace-
ment frequencies. To explore these hypotheses, we investigated the
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Fig. 1. Schematic representation of the sample and separate method for mea-
suring release kinetics from colloidal particles.
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above artifacts using BSA as the model biomolecular payload. Because
the effects investigated in this study on submicron chitosan/TPP par-
ticles also likely apply to other micro- and nanoscale delivery systems,
such as those prepared from other polyelectrolytes or (as shown in prior
reports [25,26,39–41]) even other polymers, emulsions or lipids, find-
ings from this analysis may also be instructive for characterizing release
from other colloidal materials.

2. Materials and methods

2.1. Materials

Chitosan (viscosity average molecular weight= 154 kDa as de-
termined by capillary viscometry [42]), TPP, BSA, fluorescein iso-
thiocyanate (FITC) and dimethyl sulfoxide (DMSO) were all purchased
from Sigma-Aldrich (St. Louis, USA). Micro BCA protein assay, hydro-
chloric acid (HCl), sodium chloride (NaCl) and sodium hydroxide
(NaOH) were purchased from Fisher Scientific (Fair Lawn, NJ). The
chitosan degree of deacetylation (DD) was estimated to be 86% via pH
titration [43]. All materials were used as received and Millipore Direct-
Q 3 deionized water (DI water) with a resistivity of 18.2 MΩ⋅cm was
used in all experiments.

2.2. Preparation of FITC-labeled chitosan

To facilitate measurement of particle recovery during centrifuga-
tion, the chitosan was labeled with FITC as described previously [24].
Briefly, 5.7mL of FITC solution in DMSO (1mg/mL) were added to
150mL of aqueous 0.2 wt% chitosan solution (adjusted to pH 4.0 with
HCl) and allowed to react in the dark at room temperature for 3 h. The
resulting FITC-labeled chitosan (FITC-chitosan) was then dialyzed
against DI water for 24 h (using a Spectra/Por regenerated cellulose
membrane, MWCO=2000) three times. Analyzing the unreacted FITC
concentration in the dialysate revealed that approximately 0.3% of the
chitosan amine groups were labeled with FITC. The purified FITC-
chitosan solution was then lyophilized and stored (at −18 °C) until use.

2.3. Preparation of BSA-loaded chitosan/TPP particles

To prepare 0.1 wt% chitosan solutions, 0.08 g chitosan was placed
in 80mL of deionized water and, after adding 63 μL of 6M HCl, stirred
with a 12 mm× 4 mmmagnetic stir bar at 150 rpm overnight. Aqueous
0.2 wt% BSA and 0.125 wt% TPP solutions were then prepared, and all
solutions were adjusted to pH 5.5 using either 1M NaOH or 0.2M HCl.
To prepare the BSA-loaded chitosan/TPP particle dispersions, 4 mL of
0.2 wt% BSA solution was added to 10mL of 0.1 wt% chitosan solution
at a rate of 2 drops/s and stirred at 800 rpm for 30min. Two mL of
0.125 wt% TPP solution was then added dropwise into the chitosan/
BSA mixture at the same rate, whereupon the chitosan/BSA/TPP mix-
ture was stirred overnight. Similarly, BSA-loaded FITC-chitosan/TPP
particles were prepared by the same method, except using the FITC-
labeled chitosan instead of commercial chitosan. Further, to explore the
effect of BSA loading on the particle recovery during centrifugation,
BSA-free FITC-chitosan/TPP particles were prepared. To keep the
chitosan and TPP concentrations consistent with those in the BSA-
loaded chitosan/TPP particle dispersions, 4 mL of pH-matched water
was added during the particle preparation instead of the BSA solution.

2.4. Particle recovery via centrifugation

BSA and chitosan recovery via centrifugation were studied together
to explore the centrifugal force and centrifugation time effects on par-
ticle recovery. To probe the centrifugation condition effect on the
chitosan recovery, BSA-free and BSA-loaded FITC-chitosan/TPP particle
dispersions were centrifuged at 10 °C with centrifugal forces ranging
between 2.1× 104 and 3.0×105 g (with the centrifugation time fixed

at 30min) and centrifugation times ranging between 15min and 2 h
(with the centrifugal force fixed at 3.0× 105 g) using a Beckman ul-
tracentrifuge (Ann Arbor, MI; motor model: SW 55Ti). As control ex-
periments, TPP-free FITC-chitosan solutions and FITC-chitosan/BSA
mixtures with chitosan/BSA concentrations matching those of the BSA-
loaded chitosan/TPP particle dispersions were centrifuged under
identical centrifugation conditions. The percent chitosan recovery was
calculated as follows:

= ×% Chitosan Recovery
C
C

1 100%f

i (1)

where Cf was the final chitosan concentration after centrifugation and
Ci was the initial chitosan concentration before centrifugation.

Similar to the chitosan recovery measurements, BSA recovery
measurements were performed at varying centrifugation conditions
using BSA-loaded chitosan/TPP particle dispersions, chitosan/BSA
mixtures and molecular BSA solutions with matching chitosan/BSA
concentrations. The supernatant BSA concentrations were determined
using the Micro BCA protein assay, where the presence of chitosan/TPP
particles did not significantly affect the determination of the total su-
pernatant BSA concentration (see Supplementary Data, Section A). The
BSA recovery was then calculated using an expression analogous to Eq.
(1).

2.5. BSA release from gel pellets

To examine the release kinetics from the gel pellets that formed
from chitosan/TPP micro- and nanoparticles upon centrifugation, 5mL
aliquots of BSA-loaded chitosan/TPP particle dispersions were placed in
the ultracentrifuge tubes. After centrifuging these dispersions for 30 to
90min at 2.1× 104 to 3.0×105 g and 10 °C (which coagulated the
particles into pellets), 80% of the supernatant from each sample was
collected and replaced with 1.25× PBS buffer, so that the final dis-
persions contained 1× PBS (pH 7.4). The centrifuge tubes were then
placed into an Eppendorf Thermomixer set to 37 °C and a 220 rpm
agitation speed. After a specific time interval (which ranged between
5min and 24 h), 80% of the supernatant was replaced with fresh 1×
PBS (pH 7.4). Since the gel pellets adhered to the bottoms of centrifuge
tubes, only the tops of the pellets were exposed to the release media
(which meant that release only occurred through the tops of the pel-
lets). The amount of BSA released during each interval between solvent
replacement steps was calculated as:

=m V C C R[ (1 )]i A i A i, , 1 (2)

where mi was the mass of the BSA released between the (i − 1)th and
ith sampling/solvent replacement steps, and CA,i and CA,i–1 were the
supernatant BSA concentrations after the ith and (i − 1)th solvent re-
placements. When i=1, CA,0 equaled to the initial supernatant BSA
concentration (i.e., before the dispersion was mixed with the PBS). R
was the solvent replacement ratio, which was the supernatant volume
fraction replaced during each solvent replacement step (and was 0.8 for
all experiments in this study). Finally, V was the total release media
volume (5mL). Based on this, the percent release (which quantified the
loaded BSA fraction released) and normalized percent release (which
was normalized to the plateau percent release at the end of the release
experiment) was determined as:

= × = ×% Released m
m

V C C R
m

100% [ (1 )] 100%i A i A i

0

, , 1
Tot (3)

= × = ×Normalized % Released m
m

V C C R
m

100% [ (1 )] 100%i A i A i, , 1
(4)

where mi was the cumulative mass of BSA released, m0 was the initial
amount of BSA within the gel pellet, m∞ was the amount of BSA re-
leased at the end of the experiment (which was taken to be the amount
of releasable BSA), mTot was the total BSA mass added to the chitosan/
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TPP dispersion during particle formation, and ε was the payload re-
covery efficiency (i.e., the fraction of BSA recovered from the super-
natant through centrifugation during the pellet formation steps), which
was measured as described in Section 2.4 and varied with the cen-
trifugation conditions.

2.6. BSA release from dispersed particles

To prevent BSA-loaded particle coagulation into pellets, a glycerol
bed was used. Here, 120 µL of glycerol was carefully added (dropwise)
to each particle dispersion. Because glycerol was more dense than water
(glycerol density= 1.26 g/cm3), it quickly sedimented to the bottoms
of the centrifuge tubes and, through diffusion, generated density gra-
dients there. Due to these gradients, the density of pure glycerol ex-
ceeding that of chitosan/TPP particles (see Supplementary Data,
Section B) and, possibly, the high glycerol viscosity (906 cP [44]; which
likely hindered interparticle and particle-tube collisions), particle de-
position and coagulation on the bottoms of the centrifuge tubes was
inhibited. Furthermore, glycerol is a water-soluble, nonionic small
molecule, which does not appear to strongly interact with chitosan/TPP
particles. Thus, the glycerol-protected particles can be easily redis-
persed by vortexing the sediment. This redispersion is readily demon-
strated by dynamic light scattering (DLS), which shows that the
40–1000 nm particle size does not change much after this centrifuga-
tion and redispersion process (see Supplementary Data, Section C).
Therefore, to study the release properties of dispersed particles in our
experiment, glycerol beds were added to the bottoms of centrifuge
tubes to help redisperse the particles after each centrifugation and
solvent replacement step.

To explore how the ionic strength of the release media alters the
measured release rates from the colloidal dispersions, we performed a
BSA release experiment using 5 wt% trehalose solutions (to mimic the
release conditions used in the seminal work by Calvo et al. [34,35]) as
the release media. To compare the salt-free conditions used by Calvo
et al. with typical physiological ionic strengths, two ionic strength le-
vels (0 and 150mM NaCl) were used. Here, 2.5 g batches of chitosan/
TPP particle dispersions (prepared from 0.1 wt% chitosan solutions)
were mixed with 2.5 g aliquots of 10 wt% trehalose and either 0 or
300mM NaCl (pH 6.0) solution inside of centrifuge tubes (thus gen-
erating release media that contained 5wt% trehalose and either 0 or
150mM NaCl).

Prior to each centrifugation/solvent replacement step, the glycerol
beds (120 µL each) were added as described previously. After each
dispersion was centrifuged at 3.0×105 g and 37 °C for 1 h, 4 g of the
supernatant in each tube was replaced with a fresh mixture of 5 wt%
trehalose (pH 6.0) and either 0 or 150mM NaCl (R=0.8). The dis-
persions were then vortex-mixed for 20 s, and another 120 µL of gly-
cerol was immediately added to each dispersion, whereupon the par-
ticles were immediately centrifuged again (as each centrifugation step
already provided 1 h of release time). This procedure was then repeated
several more times until the release profile reached a plateau.

To also probe the sampling/solvent replacement frequency effect on
the measured release profile, a similar procedure was used (with salt-
free trehalose solution used as the release media). The time interval
between sampling steps, however, was varied from 1 to 12 h. Here, the
1 h centrifugation time was again counted as part of each time interval,
as the release persisted during the 1 h centrifugation step and the ul-
tracentrifuge was thermostated at 37 °C (i.e., the same temperature as
that used for the rest of the release experiment). To achieve this con-
stant release temperature when the time interval exceeded 1 h, the
dispersions were incubated in an Eppendorf Thermomixer at 37 °C
(operated at a 220-rpm agitation speed) until the final hour of the time
interval, during which the dispersions were centrifuged. To provide a
12 h time interval, for instance, the dispersions were placed in the
Thermomixer for 11 h and then centrifuged for 1 h. The release profiles
were then calculated as described in Section 2.5.

3. Results and discussion

3.1. Centrifugation procedure effects on particle recovery

A rough (and optimistic) estimate of the centrifugation time and
speed needed to separate all the particles from the supernatant can be
obtained using Eq. (5) [45]:

=t
r r

a
9 ln( / )

2
f 0

2 2 (5)

where Δρ is the density difference between the particles and solvent, a
is the nanoparticle radius, η is the solvent viscosity, ω is the cen-
trifugation speed (rad/s), r0 is the radial position of the dispersion
surface and rf is the radial position at the bottom of the centrifuge tube
(see Fig. 2). This equation is derived from Stokes’ law (which applies
because the Reynolds number for colloidal chitosan/TPP particle sedi-
mentation is on the order of 10−2 [46]). Additionally, this equation
assumes that the particles are spherical and sediment at their terminal
velocity, and that the centrifuge tubes rotate in parallel to the ground.
This equation, however, ignores: (1) the diffusion term, by assuming
that the particle diffusion is much slower than its sedimentation; and
(2) the hydrodynamic interactions between the particles. Thus, since
both of these effects hinder sedimentation [47–49], Eq. (5) provides a
low (i.e., optimistic) estimate of the centrifugation time.

When a=50 nm, Δρ ≈ 0.07 g/mL (based on chitosan/TPP gel
pellet and PBS densities being 1.08 and 1.01 g/mL, respectively),
η=1.3 cP (viscosity of water at 10 °C [50]), r0= 6.1 cm, rf=10.9 cm
and ω=2094 rad/s (20,000 rpm), as is roughly the case in the present
study, the time required for the particles from the surface of the dis-
persion to sediment to the bottom of the centrifuge tube is approxi-
mated by Eq. (5) at roughly 70min. The above conditions correspond to
a centrifugal force of 2.7× 104 g, which is close to those typically re-
ported in the literature. The centrifugation time estimated above,
however, is considerably longer than that typically used (30min)
[14,35,51–55]. Further, the sedimentation efficiency is affected by both
diffusion and interparticle hydrodynamic interactions. If the sedi-
mentation speed is not high enough, for instance, diffusion could sub-
stantially increase the time required to sediment the particles [47–49].
Similarly, hydrodynamic interactions can significantly hinder sedi-
mentation once the dispersions become concentrated near the bottoms
of the tubes [49]. Based on Eq. (5) and these effects, full separation of
particles from the supernatant likely requires long centrifugation at
high speeds.

To experimentally confirm the above analysis, recovery of chitosan/
TPP micro- and nanoparticles (both empty and BSA-loaded) through
ultracentrifugation was measured at various ultracentrifugation speeds
and times. When the centrifugation time was fixed at 30min (which is
typical), chitosan recovery from the chitosan/TPP particles increased
from 60 to 85% as the centrifugal force was increased from 2.1×104 to
3.0×105 g (see Fig. 3a). Thus, at this frequently-used short cen-
trifugation time, a significant portion of the chitosan/TPP particles was

rf

r0

Rotation center Sedimenting particle 

Fig. 2. Schematic representation of particle sedimentation in a centrifuge tube
inside a swinging bucket centrifuge rotor.
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not separated from the supernatant at the typical, 2–4× 104 g cen-
trifugal forces used in release experiments on chitosan/TPP particles
[14,35,51–55].

When BSA was loaded into chitosan/TPP particles, the chitosan
recovery increased (Fig. 3a), likely because: (1) particles became larger
upon BSA uptake (see Supplementary Data of Ref. [24]); and (2) since
the pH used exceeded the protein’s pI ≈ 4.7–4.9 [56], the negatively
charged BSA caused more of the dissolved chitosan to self-assemble into
particles [24]. This increase, however, did not greatly diminish the
centrifugal force requirement for sedimenting the particles. As a com-
parison, chitosan recoveries in the control TPP-free chitosan and chit-
osan/BSA mixtures were all below 5% (Fig. 3a), which confirmed that
the vast majority of the chitosan recovery reflected particulate/TPP-
crosslinked (rather than soluble) chitosan.

The importance of centrifugal force was further supported by BSA
recovery measurements (Fig. 3b). Only 26% of BSA were recovered
with the chitosan/TPP particles at the centrifugal force of 2.1×104 g.
When the centrifugal force increased to 3.0×105 g, however, the re-
covered BSA increased significantly to 64%. Further, like in the case of
chitosan recovery, in the absence of chitosan/TPP particles the sedi-
mented protein fraction remained consistently low (well below 10%),
which showed that the enhanced protein recovery reflected the sedi-
mentation of particle-bound protein, and not free protein in solution.
This increase in the particulate chitosan and protein recovery with the
centrifugation force indicated that a very strong centrifugal force was
needed to fully separate chitosan/TPP particles from the supernatant.

Similar to the effect of centrifugal force, the particulate chitosan and
BSA recovery was also noticeably enhanced by increasing the cen-
trifugation time (Fig. 3c and d). When the centrifugal force was fixed at
3.0×105 g, the chitosan recovery increased from 82 to 95% as the
centrifugation time for the BSA-free chitosan/TPP particles was in-
creased from 15min to 2 h (with loading of BSA further raising the

particulate chitosan recovery). Similar to the recovery of chitosan, the
recovery of BSA increased with the centrifugation time and reached a
plateau at around 1.5 h, where nearly all BSA-loaded particles were
apparently sedimented (Fig. 3d). In the absence of TPP, however, less
than 7% of both chitosan and BSA were removed, even after 2 h at the
highest centrifugation speed (which again confirmed that the increased
chitosan and BSA recovery reflected the recovery of particulate rather
than dissolved species).

Interestingly, the plateau chitosan recovery was achieved sooner
than the plateau BSA recovery, which contradicted previous findings
that the BSA recovery should be roughly proportional to the chitosan
recovery for chitosan/TPP micro- and nanoparticles [24]. This may
have reflected the chitosan/TPP particles prepared with FITC-labeled
chitosan in the chitosan recovery experiment being larger (z-average
diameter= 330 ± 14 nm, as determined by DLS) than those prepared
from commercial chitosan for the BSA recovery experiment (z-average
diameter= 279 ± 15 nm). The larger particle size obtained with FITC-
labeling might have stemmed from the slightly higher hydrophobicity
of FITC-labeled chitosan (which may have promoted chitosan/TPP
aggregation into slightly larger colloids) and likely made the particles
easier to sediment. This hypothesis was confirmed by repeating some of
the BSA recovery measurements with FITC-chitosan, where plateau BSA
recovery was achieved after 1 h, just like the chitosan recovery in
Fig. 3c (see Supplementary Data, Section D). Additionally, since not
every chitosan and BSA molecule was incorporated into the particles
during the particle formation/BSA uptake process [24], plateau chit-
osan and BSA recoveries both expectedly remained below 100% (Fig. 3
and Supplementary Data, Fig. S3).

Based on the above analysis, near-quantitative chitosan/TPP par-
ticle recovery requires centrifugation times of at least 1.0–1.5 h at a
centrifugal force of 3.0× 105 g. Most literature procedures, however
(despite similar particle sizes), use centrifugation time of 30min and
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Fig. 3. The effects of (a, b) centrifugal force and (c, d) centrifugation time on the (a, c) chitosan recovery from (■) chitosan/TPP particles, ( ) BSA-loaded chitosan/
TPP particles, ( ) TPP-free chitosan and ( ) TPP-free chitosan/BSA mixtures; and (b, d) BSA recovery from (■) BSA-loaded chitosan/TPP particles, ( ) chitosan-
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deviations, while the lines are guides to the eye.
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much-lower centrifugal forces, which typically range between 2×104

and 4× 104 g [14,35,51–55]. This weak centrifugation likely fails to
separate all the particles from the supernatant, as shown in Fig. 3. The
seminal papers on chitosan/TPP by Calvo et al., for example, cen-
trifuged their particles for only 30min at 4×104 g [34,35]. This less-
extensive centrifugation leads to a lower particle recovery, which not
only causes underestimation of their bioactive payload uptake (since
this centrifugation is also used during uptake experiments), but also can
cause overestimation of release rates. The magnitude of this artifact is
demonstrated by the model analysis in Fig. 4, which uses Eq. (3) and,
for simplicity, assumes: (1) that all of the bioactive molecule (in this
case protein) is initially loaded into particles; (2) that the entire su-
pernatant phase is replaced during each solvent replacement step; (3)
that none of the protein is really being released from the particles; and
(4) that, as shown in Supplementary Data, Section A, the protein assay
does not distinguish between the free protein and particle-loaded pro-
tein. When particle recovery in each sampling/solvent replacement step
is 99%, roughly 10% of the protein is “released” (i.e., detected in the
supernatant due to the persistence of unsedimented particles) after 10
solvent replacement steps. When particle recovery in each solvent re-
placement step decreases to 70%, however, 97% of the protein is “re-
leased” (Fig. 4). Thus, low centrifugal forces and/or short centrifuga-
tion times have the potential to produce significant artifacts in the
measured release rates by leaving detectable, particle-loaded protein
(or other payload) molecules dispersed in the supernatant.

3.2. Coagulation effects and release properties of coagulated particles

Besides recovering nearly all the particles, it is important that the
centrifugation procedure does not strongly affect the particle structure
and release properties [25]. Yet, particle coagulation into gel-like pel-
lets (see Fig. 5) occurs even at the lowest centrifugal force and shortest
centrifugation time analyzed in Fig. 3 (i.e., at a centrifugal force of

2.1× 104 g applied over 30min). This suggests that the high cen-
trifugation intensity needed to fully separate the particles from the
supernatant could lead to their irreversible coagulation into macro-
scopic, gel-like pellets (which could not be fully redispersed even after
extensive agitation or ultrasonic treatment).

This particle coagulation could have a drastic impact on measured
release rates. For particles with a 500 nm radius and an effective pay-
load diffusivity of 1×10−7 cm2/s (which may be expected for a pro-
tein in a water-rich hydrogel network [57]), for instance, the char-
acteristic release time should be on the order of 10ms [58] (i.e., τ~ R2/
DA, where τ is the characteristic release time, R is the particle radius and
DA is the effective payload diffusivity within the particles [46,58]). If
the colloidal particles coagulate into a pellet with a radius of 1mm,
however, the release time increases drastically to approximately 1 d.
These DA and τ estimates assume: (1) that the releasing protein mole-
cules exhibit no appreciable binding to the chitosan/TPP particles
(since the positive chitosan charges are mostly neutralized in the pH 7.4
PBS release media); and (2) that the particles do not degrade – indeed,
if surface or bulk particle degradation does occur during the release
process, the release could be even faster. Thus, some of the slower re-
lease rates reported in the literature suggest that release may have
occurred from macroscale pellets (or at least larger aggregates) rather
than dispersed nanoscale particles [6,13,14]. To explore this hypoth-
esis, BSA release from the gel-like pellets obtained upon ultra-
centrifugation was characterized while varying both centrifugation
force and time used to form the gel pellets.

3.2.1. Centrifugal force effect on the release profile
When the centrifugal force increased from 4.8×104 to 3.0× 105 g,

it (as shown in Section 3.1) caused more chitosan and BSA to be col-
lected at the bottoms of the centrifuge tubes (e.g., the BSA recovery
increased from roughly 40–64%; Table 1). This accumulation of both
BSA and chitosan, however, did not reduce the release rate (Fig. 6a and
b), possibly because the gel pellets (which determined the diffusion
distance) did not get thicker. Indeed, the pellet thickness, defined as the
distance from the bottom of the centrifuge tube to the top of the gel
layer, decreased slightly (from 0.16 to 0.13 cm) as the centrifugal force
increased (Table 1). Further, the slow BSA release after the initial burst
indicated that the gel pellets were stable to dissolution while in pH 7.4
PBS. This stability was likely because the deprotonation of chitosan
reduced its aqueous solubility [42], which (even if the TPP was lea-
ched) prevented the gel from dissolving (see Supplementary Data,
Section E). Another interesting feature of the release data was that,
roughly 20–30% of the protein appeared to be retained in the pellet,
even when the plateau in the release profile was reached. This retention
was highest at the intermediate centrifugal force (1.1×105 g). Overall,
however, the release curves in Fig. 6a and b were all very close, in-
dicating that protein release from the gel pellets was insensitive to the
centrifugal force.

3.2.2. Centrifugation time effect on the release profile
Similar to the centrifugal force effect, when the centrifugation time

increased from 30 to 90min, more BSA was collected at the bottoms of
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Fig. 5. Photographs of (a) a chitosan/TPP nanoparticle dispersion before cen-
trifugation and (b) the chitosan/TPP gel-like pellet that is obtained after cen-
trifugation due to particle coagulation.

Table 1
Variations in the gel pellet thickness, BSA recovery and apparent BSA diffusivity
within the gel with the centrifugal force and centrifugation time (average ±
standard deviation).

Centrifugal
force (g)

Centrifugation
time (min)

Gel thickness
(cm)

BSA
recovery (%)

DA×107

(cm2/s)

4.8× 104 30 0.16 ± 0.00 39.7 ± 0.3 3.8 ± 0.7
1.1× 105 30 0.15 ± 0.02 49.4 ± 0.5 3.4 ± 0.5
3.0× 105 30 0.13 ± 0.00 63.8 ± 1.1 3.8 ± 0.3
3.0× 105 60 0.10 ± 0.00 78.9 ± 0.2 1.1 ± 0.2
3.0× 105 90 0.11 ± 0.01 84.4 ± 0.8 1.5 ± 0.0
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the centrifuge tubes (see Table 1). The gel pellet thickness, however,
slightly decreased (Table 1). The reduction in the gel pellet thickness
(along with the increased chitosan and BSA recovery) again suggested
that gel compaction occurred within the pellets. The BSA-loaded chit-
osan/TPP gel pellets obtained through 30min of centrifugation resulted
in the fastest BSA release (see insets in Fig. 6c and d), which may have
reflected their less-compact structure. The BSA release was slower when
the centrifugation time increased to 60 and 90min. Though the release
rates varied, the final percentages of BSA released were quite close
(ranging between 75 and 84%; see Fig. 6c), regardless of the

centrifugation times. Overall, the release profiles obtained from the
macroscopic gel pellets were consistent with the apparent release pro-
files reported in many studies on chitosan/TPP micro- and nano-
particles [59–62], and (when combined with the fact that pellets
formed under all centrifugation conditions analyzed in Fig. 3) support
the hypothesis that there may have been considerable particle coagu-
lation during centrifugation-assisted release experiments.

3.2.3. Further analysis of release from the chitosan/TPP gel pellets
To better understand the mechanism of protein release from the gel

pellets, changes in the pellet mass during the release process were also
analyzed. This revealed that the gel mass remained roughly constant
(see Supplementary Data, Section E), suggesting that gel swelling and
degradation effects were insignificant. Thus, BSA release from the gel
pellets was likely diffusion-limited and could be described using a
Fickian diffusion equation. For one-dimensional diffusion, the micro-
scopic mass balance needed to determine the time-dependent con-
centration profile within the gel pellets is given by:

=C
t

D
A z z

A C
z( )

(z)A A A

(6)

where CA is the local payload concentration within the gel pellet, t is the
release time, DA is the payload diffusivity within the gel, z is the dis-
tance from the bottom of the centrifuge tube and A(z) is the cross-
sectional area of the gel pellet at the axial position, z.

Assuming that the inner radius of the centrifuge tube was R (see
Fig. 7), the z-dependent radius within the hemispherical bottom of the
centrifuge tube could be defined as r(z). Since A(z) equaled to πr2(z)
and =r z R R z( ) ( )2 2 , A(z) could be expressed as

=A z Rz z( ) (2 )2 . Moreover, because the pellet thickness, L, was
significantly smaller than R, the z2 term had a relatively weak con-
tribution (Supplementary Data, Section F) and the “A(z) versus z”
scaling was roughly linear. Thus, A(z) was approximated as Rz2 .
Substituting this into Eq. (6) yielded:

Fig. 6. Actual (a, c) and normalized (b,
d) BSA release profiles obtained from
chitosan/TPP particle pellets after (a,
b) 30min of centrifugation at (■)
4.8×104, ( ) 1.1× 105 and ( )
3.0×105 g, and (c, d) after (■) 30, (
) 60 and ( ) 90min of centrifugation
at 3.0× 105 g. The insets in (a, c) show
the first 3 h of the original BSA release
profiles and the insets in (b, d) show
the first 60% of the normalized BSA
release and their model fit curves for
pellets prepared by centrifugation at
each condition using Eq. (8). The lines
in the other plots are guides to the eye.
All error bars are standard deviations.

R

r(z)

z

(0, 0)

R – z

Fig. 7. Schematic of the chitosan/TPP gel pellet formed on the bottom of the
centrifuge tube upon ultracentrifugation. The shaded region represents the gel
pellet, while the point at the bottom of the tube is the origin of the coordinate
system.
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This equation had the same functional form as that for the one-di-
mensional radial release from a cylinder (although here the radical
position, r, was replaced with z). Based on a zero-flux boundary con-
dition at z=0 and a perfect-sink boundary condition at z= L, Eq. (7)
predicts the short-time release to be [63]:
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2

1/2

2 2

3/2

(8)

whereMt andM∞ are the cumulative masses of payload released at time
t and infinite time, respectively, DA is the effective payload diffusivity
within the gel matrix, and L is the thickness of the gel pellet at the
center of the tube. This solution is valid for the first 60% of the release
process [63]. Thus, the apparent diffusivity can be determined by fitting
the release profile to Eq. (8) as shown in the insets to Fig. 6b and d.

The apparent protein diffusivities within the gel pellets prepared
using different centrifugation conditions (which, despite the imperfect
model fits, could be roughly estimated) are summarized in Table 1. As
the centrifugal force increased (from 4.8×104 to 3.0× 105 g), the
apparent BSA diffusivity did not change much and remained in the
3.4–3.8×107 cm2/s range, despite the apparent gel compression
(which was evidenced by a reduced gel thickness; see Table 1). As the
centrifugation time increased from 30 to 60min, however, the apparent
BSA diffusivity dropped from 3.8×10−7 to 1.1×10−7 cm2/s, and
remained almost unchanged as the centrifugation time increased fur-
ther (Table 1). The BSA diffusivities inside the chitosan/TPP gels were
on the same order of magnitude as their diffusivity in water
(9.3× 10−7 cm2/s at 37 °C [64]). This high BSA diffusivity suggested
that the mesh size of the gel network remained larger than the BSA
molecule, despite the apparent gel compression during centrifugation.

Collectively, the release rates obtained using the chitosan/TPP gel
pellets could help understand what might happen during the release
experiments on chitosan/TPP micro- and nanoparticles. The apparent
diffusion coefficients, which were on the same order as those of BSA in
water, indicated the BSA/particle binding to be weak during the release
process (otherwise, the apparent diffusivities inside the gels would have
been significantly lower [65]). This weak BSA/particle binding might
reflect the elevated pH of PBS (pH 7.4), which deprotonated the chit-
osan and eliminated most of its ionic interaction with BSA [36]. The
high BSA diffusivities measured herein were also on the same order as
those reported in other (anionic and nonionic) polysaccharide hydro-
gels at 37 °C (such as 1–2wt% covalently crosslinked hyaluronan and
3wt% agarose, where DA≈ 3–5×10−7 cm2/s [66,67]), which further
supported the above interpretation of the high BSA diffusivities within
the chitosan/TPP gel pellets.

The water content of the most extensively centrifuged chitosan/TPP
gel pellets was estimated at about 93wt% (based on their weight loss
upon drying in a 60 °C oven), confirming that the chitosan/TPP net-
works are water-rich [30,68]. Additionally, compared to the com-
pressed gel pellets formed upon ultracentrifugation, dispersed chitosan/
TPP micro- and nanoparticles (which do not undergo centrifugation-
induced compression) might have a sparser gel network structure.
Therefore, BSA diffusivity within the particles is likely no less than that
in the gel pellet. Due to their high surface-to-volume ratio, however, the
micro- and nanoparticles may be less stable to dissociation when placed
in PBS [42]. This reduced stability, and their much lower diffusion path
length, should make BSA release from the chitosan/TPP micro- and
nanoparticles much faster than that from the macroscopic chitosan/TPP
gel pellets. Indeed, even when the gel pellets are cut into smaller pieces
(approximately 0.1–1mm in size) BSA release becomes much faster and
more complete (see Supplementary Data, Section G).

A number of reports (including the widely cited BSA release study
by Gan and Wang [59]) have shown BSA release into 37 °C PBS from
chitosan/TPP particles to occur over several hours before reaching a

plateau [59,60,69]. These reports, however, did not indicate the use of
any techniques (such as using a glycerol bed) for redispersing particles
after centrifugation. Because coagulated chitosan/TPP particles are
very difficult to redisperse to their original micro- and nanoscale state
(even after the ultrasonic treatment or vigorous agitation), it is possible
that these multiple-hour release times resulted from irreversible par-
ticle coagulation. Thus, it is essential to prevent irreversible coagulation
during the centrifugation step. To our knowledge, the only method that
has (occasionally) been utilized to achieve this was the use of a glycerol
bed [11,27,28]. This approach was also utilized to prevent chitosan/
TPP particle coagulation here, when studying release from micro- and
nanoparticle dispersions, and its efficacy will be discussed further in
Section 3.3.3.

3.3. Release from dispersed particles: Ionic strength and sampling frequently
effects

3.3.1. Ionic strength effects
To test the hypothesis (advanced in the Introduction) that the

multiple-day release reported in the seminal studies on chitosan/TPP
nanoparticles may have been an artifact of using salt-free release media,
the effect of ionic strength was first explored; specifically, by comparing
the BSA release profiles obtained in 5 wt% trehalose solution with ei-
ther 0mM NaCl (as used by Calvo et al. [34,35]) or 150mM NaCl (i.e.,
near-physiological ionic strength). When the BSA-loaded chitosan/TPP
particles were placed in 0mM NaCl trehalose solution, the release was
much slower (Fig. 8). Only about 30% of BSA was released after 1 h and
less than 45% of BSA was released after 6 h. In 150mM NaCl media,
however (which was more representative of physiological conditions),
more than 90% of the BSA was released from the particles within 1 h.

Since the pH of the release media was similar to the pH where the
particles were formed, this near-complete BSA release mainly reflected
the increased ionic strength, which caused the dissociation of BSA from
the chitosan/TPP micro- and nanoparticles. The rapid release of the
dissociated protein may also have reflected the small size of the chit-
osan/TPP particles. Indeed, most papers that used glycerol beds to re-
disperse the chitosan/TPP particles, also showed a burst protein release
into PBS (fast release at the first time point), whereupon the release
curve reached a plateau [11,70–72]. Thus, the sustained multiple-day
release obtained from chitosan/TPP nanoparticles in the seminal stu-
dies [34,35] was likely caused by the salt-free conditions used in that
work.

3.3.2. Sampling frequency effects
Given the rapid protein release from colloidal chitosan/TPP parti-

cles predicted from the high DA-values (see Section 3.2), the apparent
release profile could also be affected by the solvent replacement fre-
quency – i.e., equilibrium payload partitioning between the particles
and the release media might be reached sooner than the time interval
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Fig. 8. The ionic strength effect on the BSA release profile in the 5% trehalose
solution (pH 6.0) with (■) 0 and ( ) 150mM NaCl. The error bars are standard
deviations and the lines are guides to the eye.

Y. Cai and Y. Lapitsky European Journal of Pharmaceutics and Biopharmaceutics 142 (2019) 204–215

211



between the sampling/solvent replacement steps. To investigate this
possibility, Fig. 9a and b compare the release profiles obtained using 1,
4, 12 and 24 h intervals between solvent replacements. The release
profile obtained using the 1 h time interval showed faster BSA release
compared to that with the 4 h time interval (Fig. 9a). This indicates that
sink conditions are not maintained with the 4 h interval time and that
accumulation of BSA in the release medium impedes further release.
Similar trends emerge when data obtained with the 4 h interval are
compared with that with the 12 h interval. Interestingly, however, the
release profiles achieved with the 12 and 24 h solvent replacement time
intervals were partially overlapped (Fig. 9a and b).

The differences in these release profiles confirmed that the mea-
sured BSA release profiles could indeed depend strongly on the solvent
replacement frequency. Moreover, when the release profiles were
plotted versus the number of solvent replacement steps rather than
versus time, the release profiles (which appeared to vary in Fig. 9a and
b) became similar to one another (Fig. 9c). Each curve started with a
30–45% burst release at the first sampling point, followed by a much
slower BSA release rate. This biphasic release may have stemmed from
some protein binding sites being stronger than others (possibly due to
nonuniform distributions of protein-associating moieties within the
particles), which may have made BSA/chitosan binding to certain
particle regions strong enough to slow some of the protein release into
the NaCl-free release medium. This view is consistent with recent
findings by Sacco et al., who have shown the chitosan/TPP matrix to (at
least at the macroscopic scale) be inhomogeneous [73].

The release curve with the 1 h time interval was slightly lower than
those with longer time intervals (Fig. 9c). This suggests that, though
there is significant BSA accumulation in the release medium after 1 h of
contact time (which means that sink conditions are not maintained),
equilibrium BSA partitioning is (at least in some of the sampling steps)

not yet achieved. At higher time intervals, however, the curves in
Fig. 9c significantly overlap, indicating that equilibrium partitioning is,
for the most part, nearly reached and that the apparent release profiles
obtained using the solvent replacement method (Fig. 9a and b) are
artifacts of the solvent replacement frequency used.

Interestingly, after the fourth solvent replacement, for the release
profile obtained using a 24 h solvent replacement interval time, the
percent released became higher than that with shorter time intervals
(Fig. 9c). This may have been caused by TPP and/or chitosan de-
gradation [74–76], which may have led to partial particle dissociation
during the longer, 6-day duration of the release experiments with the
24 h interval time between the solvent replacement steps. Overall, the
above findings indicate that, to avoid non-sink conditions and/or
“equilibrium partitioning artifacts,” a more frequent solvent replace-
ment is preferred if the release is fast (which appears to be the case for
chitosan/TPP micro- and nanoparticles). Conversely, if the release is
slow, a less frequent solvent replacement is desired to minimize the
“extra release” caused by the incomplete recovery of micro- and na-
noparticles during centrifugation (see Fig. 4).

Besides analyzing the differences in release profiles obtained in this
study, it is instructive to compare our results with those in the seminal
studies by Calvo et al. [34,35]. Compared to the BSA release profiles in
Fig. 9 (obtained using 1–24 h solvent replacement intervals), Calvo
et al. (who used a 2-day solvent replacement interval) reported a much
slower release rate with release times that exceeded 1week [34,35].
Plotting the BSA release profile versus the solvent replacement number,
however, showed the data reported by Calvo et al. to be quite similar to
ours (see Fig. 10). In both cases, 25–45% of the BSA was released by the
first solvent replacement step and about 50% of the BSA was released
after the fourth solvent replacement in both studies (with the moderate
quantitative differences between the two data sets possibly reflecting
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Fig. 9. BSA release into 5 wt% trehalose solution at pH 6.0 and 0mM NaCl, obtained using (■) 1, ( ) 4, ( ) 12 and ( ) 24 h time intervals between the solvent
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compositional differences between the particles used in the two stu-
dies). This result could imply that the BSA release profile reported by
Calvo et al. did not truly reflect its release behavior, since the solvent
replacement interval time (2 days) substantially exceeded the time
needed to reach equilibrium BSA partitioning between the particles and
the receiving media. The same might apply to other literature release
experiments with low sampling frequencies [6,14,15].

3.3.3. Glycerol bed efficiency
As the final part of our analysis of the sample and separate method

of characterizing release from submicron chitosan/TPP particles, we
turn our attention to the efficacy of the glycerol bed. The glycerol bed,
which was used to obtain the release data in Figs. 9 and 10, helps
prevent particle coagulation during centrifugation. After 3 or 4 cen-
trifugation/redispersion cycles, however (at least with the 1 h cen-
trifugation steps at 3.0× 105 g needed to achieve near complete par-
ticle separation), ring-shaped deposits form on the centrifuge tubes and
these coagulated particles cannot be fully redispersed even by extensive
vortexing or sonication (Fig. 9d). This coagulation becomes more pre-
valent with further centrifugation/redispersion cycles, and may slow
down release by increasing the diffusion distance for the releasing
molecules. Thus, at the centrifugation intensity needed to fully recover
the particles, particle coagulation upon centrifugation appears to be
challenging to prevent even with a glycerol bed. To avoid this coagu-
lation problem in the release experiment, it may therefore be preferable
to, instead of separating the particles by centrifuging the whole dis-
persion, place the particle dispersions in large volumes of release media
(to create true sink conditions) and collect small fractions of these
dispersions for testing during sampling times. These small sample
fractions can then be sacrificed for analysis – i.e., by separating the
particles from the supernatant (through either centrifugation or filtra-
tion) and analyzing the supernatant for the released solute content.
Here, filtration might also accelerate particle separation from the su-
pernatant [25] and, to help maintain sink conditions in rapidly re-
leasing dispersions, could drastically reduce the time increments be-
tween solvent replacement steps.

3.4. Other pitfalls

Herein, we analyzed some key pitfalls that can occur when mea-
suring release from chitosan/TPP micro- and nanoparticles. Yet, there
are several other cautionary points that are worth making. The first is
that it is important to measure and report the chitosan/TPP particle
amounts used during the release experiments. This is because disper-
sion concentrations can affect payload molecule/particle association,
chitosan/TPP association and, due to the chitosan and TPP buffering
capacity, the release media pH [42]. Thus, particle concentrations can
affect both the release profiles and, as shown by us recently [42],

particle stabilities. This vital information on how much chitosan, TPP
and releasing payload is initially added to the release media, however,
is often missing from literature on chitosan/TPP micro- and nano-
carriers.

Another potential pitfall (that is not addressed above) arises from
artifacts in released molecule quantification, especially where simple
UV–vis spectroscopy is used, where light scattering from the release
media at low (ultraviolet) wavelengths can be misinterpreted as ab-
sorbance from the released molecules [77]. Scattering from debris in
the release media can, therefore, if care is not taken, be misinterpreted
to overestimate the release rates (or to even show release where none
occurs). Finally, because chitosan/TPP and chitosan/payload molecule
interactions can depend on chitosan DD and molecular weight [42,54],
some variability in the reported release performance may reflect dif-
ferences in the chitosans used. It is therefore essential to report both the
chitosan molecular weights/DD-values and particle (and release media)
quantities used in all release studies. Collectively, these considerations
(along with the artifacts analyzed in this study) show that release ex-
periments on chitosan/TPP nanoparticles and other ionically cross-
linked colloids must be undertaken with utmost caution and add to the
growing literature on the limitations of conventional release experi-
ments [25,26,39–41].

4. Conclusions

We have shown that the apparent release profiles measured from
chitosan/TPP micro- and nanoparticles using the common, centrifuga-
tion-assisted “sample and separate” method can be affected by: (1) in-
complete particle separation from the release media; (2) particle size
change due to their centrifugation-induced coagulation; and (3) sink
conditions not being achieved due to an insufficient solvent replace-
ment frequency. To minimize problems with incomplete particle se-
paration, high centrifugal forces and long centrifugation times (which
exceed those used typically) are needed. A glycerol bed can help pre-
vent particle coagulation; however, this method no longer appears to
work for chitosan/TPP micro- and nanoparticles after the first 3–4
centrifugation/redispersion cycles (at least under the centrifugation
conditions needed for their full separation with our setup). For particles
with fast release rates (such as the colloidal chitosan/TPP particles
explored in this work), frequent sampling/solvent replacement must
also be used to capture the release kinetics and maintain sink condi-
tions. Due to the long centrifugation times required to fully sediment
the particles, however, this ultracentrifugation-assisted solvent re-
placement method cannot accurately determine the release profiles. As
an alternative, sink conditions can likely be achieved by diluting the
dispersions in large volumes of release media and collecting small
dispersion portions to (after removing the particles with a filter)
quantify the release. Besides examining the sample and separate
method, we show that it is essential to use release media with physio-
logically relevant ionic strength levels, as release from chitosan/TPP
particles can be highly salt-sensitive. Although this work focused only
on chitosan/TPP micro- and nanoparticles, the experimental artifacts
highlighted by this study likely extend to other micro- and nanocarrier
systems, such as other polyelectrolyte-based particles [78,79], and (as
discussed in prior reports [25,26,39–41]) even other polymer colloids,
emulsions and liposomes [40,80,81]. Overall, we have demonstrated
that procedures for quantifying bioactive payload release from chit-
osan/TPP micro- and nanoparticles, and related systems must be se-
lected with great care.
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Fig. 10. BSA release into 5% trehalose solution obtained (■) in this work using
the 24 h time interval between the solvent replacement steps and ( ) in Calvo’s
work using a 2-day time interval between the solvent replacement steps. The
error bars are standard deviation and the lines are guides to the eye.
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