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Enzymatic degradation of nanoparticle (NP)-based drug delivery vehicles is a major factor influencing the
administration routes as well as the site-specific delivery of NPs. To understand the stability of albumin
NPs in an aggressive proteolytic environment, bovine serum albumin (BSA) NPs were fabricated via a
coacervation technique and stabilized by coating using different molecular weights (MWs: 0.9–24 kDa)
and concentrations (0.1–1.0 mg ml�1) of the cationic polymer, poly-L-lysine (PLL). A short interfering
ribonucleic acid (siRNA) was used as a model drug for encapsulation in the BSA NPs. The generated
NPs were characterized for morphology (with atomic force microscopy), size (with photon correlation
spectroscopy) and charge (zeta-potential). The size range of formed BSA particles (155 ± 11 to
3800 ± 1600 nm) was effectively controlled by the MW and concentration of the PLL used for coating.
The aqueous solution stability of NPs increased with an increasing MW and PLL concentration. However,
in the presence of trypsin, NPs coated with higher MW PLL were not as stable as those formed using lower
MW PLL. This trend was also confirmed based on the release pattern of siRNA in the presence of trypsin.
We conclude that, when designing stabilizing coatings for soft protein-based NPs, smaller molecules may
be more suitable for particle coating if enhanced proteolytic resistance and more stable NPs are desired
for targeted drug delivery applications.

� 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Significant efforts have been undertaken in recent years on
developing biodegradable nanoparticles (NPs) to deliver a wide
range of therapeutic agents, ranging from low-molecular-weight
conventional drugs to poly(nucleic acids) [1]. Although several
routes for administration of NPs are available (e.g. oral, inhalation
and injection), the most convenient drug delivery route is through
oral administration and drug uptake via the intestine [2,3]. Regard-
less of the delivery route, however, uncontrolled release of thera-
peutic agents may result from non-specific degradation of NPs as
they traverse through physiological milieu bearing a complex mix-
ture of degrading enzymes. A highly efficient proteolytic enzyme
found in all major routes of administration is trypsin [4]. The expo-
sure of NPs to trypsin may lead to premature degradation of NPs,
resulting in the loss of therapeutic efficacy. Previous studies have
attempted to address this problem for short interfering RNA
ia Inc. Published by Elsevier Ltd. A
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(siRNA)-based therapeutic agents by complexing the molecule in
NPs composed of 1,2-dioleoyl-3-trimethylammonium-propane
and N-(polyethylene glycol-2000)-1,2-distearoyl-sn-glycero-3-
phosphoethanolamine (PEG-DSPE). The PEG moiety in the PEG-
DSPE was expected to be located at the periphery (i.e. shell) of
the NPs and protect the siRNA against enzymatic degradation
and non-specific cellular uptake [5]. As an alternative, NP coating
with a suitable material of defined specifications can be employed
for preventing or reducing undesirable enzymatic degradation.

The endogenous protein albumin is a suitable material for NP
fabrication since it is readily available in large quantities and it
metabolizes in vivo to produce innocuous degradation products
[6]. It can be conveniently fabricated into NPs via coacervation
techniques, in which a homogeneous protein solution undergoes
phase separation (liquid–liquid) to result in a colloid-rich phase,
known as coacervate (containing NPs), and a colloid-poor phase
[7]; the size of the NPs can be effectively controlled by the coacer-
vation process parameters [8]. The enzymatic stability of bovine
serum albumin (BSA) NPs has been investigated in the presence
of proteolytic enzymes [9,10]. Such NPs were shown to be sensitive
to trypsin and pepsin, even after being cross-linked with glutaral-
dehyde. Glutaraldehyde-crosslinked protein NPs made from vicilin
ll rights reserved.
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were also susceptible to enzymatic degradation; however, increas-
ing crosslinking density with increasing glutaraldehyde treatment
resulted in increasing stability against tryptic digestion [11]. To
investigate drug release in a proteolytic environment, ganciclovir
[9] and 10-hydroxycamptothecin (HCPT) [12] were encapsulated
in BSA NPs, and their release was investigated upon being incu-
bated with trypsin. The HCPT release from the NPs was relatively
slow but, in the presence of trypsin, the release rate was signifi-
cantly increased due to degradation of the BSA matrix [11]. The
ganciclovir release, however, was only slightly increased in the
presence of trypsin. The BSA NPs in the latter case were crosslinked
with glutaraldehyde and this process was likely to create a trypsin-
insensitive BSA matrix and/or drug coupling to the BSA matrix [9].
However, the use of glutaraldehyde for controlling NP resiliency is
a concern since this compound is cytotoxic and it may react unde-
sirably with the therapeutic agents entrapped within the NPs.

Coating the protein NPs with biomaterials may be a superior
way to provide protection against enzymatic degradation. Forma-
tion of a stable NP through the physical adsorption of a macromol-
ecule will eliminate the need to utilize hazardous crosslinkers in
NP formulations. However, no studies probed the effect(s) of coat-
ings on enzymatic degradation of the NPs. Accordingly, the aim of
this work was to investigate the degradation of BSA NPs coated
with a cationic polymer, poly-L-lysine (PLL). The coatings were cre-
ated by using different molecular weights (MWs: 0.9–24 kDa) and
concentrations (0.1–1.0 mg ml�1) of PLL. As trypsin is an inherently
robust protease, it was thus employed for enzymatic degradation
studies. In addition to directly assessing NP stability, siRNA was
encapsulated as a model drug and its release was investigated as
an additional measure of NP stability in the presence of trypsin.
2. Materials and methods

2.1. Materials

BSA and hydrogen bromide salt of PLL of different MWs (0.9,
4.2, 13.8 and 24 kDa) were purchased form Sigma–Aldrich (St.
Louis, MO, USA) and used without further purification. FAM-la-
belled siRNA (double stranded, 21 base pairs) was purchased from
Ambion Inc. (Austin, TX, USA). EDTA–trypsin, 10� (Invitrogen,
Carlsbad, CA, USA), was diluted 1:10 with 1� Hank’s buffered salt
solution to 1� (0.05 g l�1) concentration before use. Fluorescence
isothiocyanate (FITC; Pierce, Rockford, IL, USA) was used to label
the PLL and BSA. Sodium phosphate, monobasic, monohydrate so-
dium phosphate and sodium chloride laboratory-grade reagents
were purchased from EMD Chemical Inc. (Darmstadt, Germany).
Ethanol was purchased from Fischer Scientific (Ottawa, Ontario,
Canada).
2.2. Preparation of albumin nanoparticles

BSA NPs were prepared via a coacervation technique as detailed
elsewhere [8,13]. Briefly, 250 ll of an aqueous BSA (10 mg ml�1)
solution was added to an equal volume of 10 mM aqueous NaCl
solution in glass vials (Kimble Glass Incorporation, Vineland, NJ,
USA), and stirred (15 min at 600 rpm, room temperature). Fresh
flasks were used for making NPs each time. When siRNA encapsu-
lation was desired, siRNA solution (10 ll of 0.15 mg ml�1) was stir-
red (600 rpm for 1 h at room temp) with this BSA solution. NPs
were formed by adding ethanol (final volume ratio of ethanol to
starting BSA solution = 6) dropwise to the BSA solution while being
stirred (600 rpm). Stirring was continued for 3 h after the complete
addition of ethanol. To stabilize the NPs, PLL of MWs 0.9, 4.2, 13.8
and 24 kDa at various concentrations (0.1, 0.3 and 1.0 mg ml�1) in
deionized water were introduced to the system; 500 ll of these PLL
Please cite this article in press as: Singh HD et al. Poly-L-lysine-coated albumin
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solutions was added dropwise to the equal volume of BSA NPs sus-
pension, under constant shaking of 500 rpm (Labnet, Woodbridge,
NJ, USA). Shaking was continued for 1 h at room temperature.

2.3. FITC labeling of PLL (FITC–PLL) and BSA

The FITC-labeled PLL was used to determine the overall coating
efficiency and its effect on stabilizing BSA NPs. The FITC–PLL was
obtained by incubating 10 ll of 0.1 mM FITC solution (in DMSO)
with 1 ml of PLL (2 mg ml�1 in 100 mM phosphate buffer, pH 7.4)
for 1 h at room temperature. Ethanol (9 ml) was then added to this
solution and the solution was centrifuged at 3000 rpm for 15 min
at room temperature, and the supernatant was removed. The pellet
formed during this process was washed with 5 ml of ethanol and
centrifuged for 15 min, at 3000 rpm. The solids obtained were
dried under vacuum for 5 h and stored in the dark at 4 �C until
used. BSA labeling was conducted using similar procedures, except
the BSA concentration was 10 mg ml�1.

2.4. FITC–PLL coating of BSA NPs

FITC–PLL coating efficiency was determined using fluorescence
measurements, where NPs were formed using previously defined
FITC–PLL MWs and solution concentrations. Equal volumes of
phosphate buffer (300 ll, pH 7.4) and coated NPs suspension were
centrifuged (15,000 rpm, 1 h) and the fluorescence (kex: 485 nm;
kem: 527 nm) of the supernatant was analyzed using a multiwell
plate reader (Thermo Labsystems, Franklin, MA, USA). Using a cal-
ibration curve, the coating efficiency was calculated as:
(1 � (FITC � PLLsupernatant/FITC � PLLinitial)) � 100%.

2.5. NP characterization

Coated and uncoated BSA NPs were analyzed using atomic force
microscopy (AFM; MFP-3D, Asylum Research, Santa Barbara, CA,
USA), photon correlation spectroscopy (PCS) and zeta-potential
(f-potential) assessment. AFM analysis utilized an AC 240TS canti-
lever throughout measurements to determine particle size and the
presence of aggregate formation. AFM samples were prepared by
adding 45 ll of phosphate buffer (10 mM, pH 7.4) to 5 ll of NP
sample, sonicating for 3 min to reduce aggregate formation and
air drying (room temperature) the sample onto PELCOR Mica discs
(TED PELLA, Inc.; Redding, CA, USA). Igor Pro imaging software (ver-
sion 5.04 B) was used to analyze generated images. The mean par-
ticle size of the coated and uncoated BSA NPs were determined by
dynamic light scattering (Zetasizer 3000 HS, Malvern Instruments
Ltd., UK) using a 633 nm He–Ne laser at a scattering angle of 90o.
Uncoated BSA NPs were used directly for the measurements and
PLL-coated BSA NPs were diluted 1:2 with phosphate buffer
(10 mM, pH 7.4). The surface charge of these NPs was determined
by measuring their electrophoretic mobility using the same instru-
ment at 25 �C.

2.6. Stability of BSA NPs

The NPs were formed using the procedure discussed previously,
except BSA solutions included 5% of FITC–BSA as a tracer. The PLL-
stabilized BSA NPs were diluted by equal volumes of phosphate
buffer (10 mM, pH 7.4, 0.02% sodium azide) for all stability tests
with or without trypsin addition. NP suspensions were incubated
with and without trypsin (room temperature), using a BSA:trypsin
ratio of 250 (w:w), on an orbital shaker (Labnet shaker, Orbit P4) at
500 rpm. The FITC–BSA released to the supernatant was collected
as discussed previously. At 0, 1, 3 and 7 days, 500 ll of the sample
was recovered and centrifuged at 15,000 rpm for 1 h. Supernatant
fluorescence (kex: 485 nm; kem: 527 nm) was determined, using a
nanoparticles: Stability, mechanism for increasing in vitro enzymatic resil-
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calibration curve, and the release of FITC–BSA was calculated as
(1 � (FITC � BSAsupernatant/FITC � BSA initial)) � 100%.
2.7. Tryptic degradation of siRNA-loaded coated and uncoated BSA NPs

FAM-labeled siRNA was used to study the release kinetics of
siRNA from various PLL-coated BSA NPs, in the absence and pres-
ence of trypsin. In all cases, a PLL concentration of 1.0 mg ml�1

was used for coating the NPs and release values were normalized
to 0% for day 0. The resultant PLL-coated NP suspensions were dia-
lyzed (MW cutoff 25 kDa) against 1 mM NaCl (3�, 16 h between
replacement), then diluted with equal volumes of phosphate buffer
(10 mM, pH 7.4, 0.02% sodium azide). On the orbital shaker
(500 rpm), these suspensions were incubated (room temp) with
and without trypsin, the BSA to enzyme ratio being kept at 250
(w:w). The amount of siRNA in the supernatant was determined
using a calibration curve and the release was calculated as
(1�(FAM�siRNAsupernatant/FAM�siRNAencapsulated)) � 100%.
Fig. 1. The amount of PLL adsorbed onto BSA NPs (A), zeta-potential of NPs (B), and
average particle diameter of the particles (C). PLL MWs used were 0.9 (d, ), 4.2(j,

) and 24 (N, ) kDa. The amount of FITC–PLL adsorbed onto BSA NPs increased
with the increasing concentration of 0.9 and 4.2 kDa PLL. A plateau was observed
for the adsorbed amount of 24 kDa PLL onto BSA NPs. The zeta-potential of BSA NPs
increased significantly upon coating. Twenty-four kilodaltons PLL-coated BSA NPs
gave the highest zeta-potentials of �20 mV with almost no change with increasing
concentration of PLL. A large increase in the particle size was noted for BSA NPs
coated with 0.1 mg ml�1 of 0.9 and 4.2 kDa PLL.
3. Results and discussion

3.1. PLL adsorption onto BSA NPs and the f-potential

Given that the pKa of the e-NH2 group in PLL is �10.5, the PLL is
expected to be positively charged under the experimental pH con-
ditions in this study [4]. Thus, anionic BSA should interact electro-
statically with the cationic PLL, leading to its adsorption onto the
NPs. The amount of PLL adsorption on NPs was examined as a func-
tion of PLL MW and concentration. As shown in Fig. 1A, the amount
of adsorbed 0.9, 4.2 and 24 kDa PLL increased with PLL concentra-
tion. Adsorbed amounts for 0.9 and 4.2 kDa PLL were similar, and
increased from �50 to 250 lg of PLL per mg of BSA for 0.1 and
1 mg ml�1 PLL, respectively. These polymers did not show a pla-
teau in adsorption, possibly indicating that the surface was not sat-
urated with PLL. The adsorbed amount of 24 kDa PLL increased
from �55 to 140 lg of PLL per mg BSA for PLL concentrations of
0.1 and 1.0 mg ml�1, respectively. Unlike the 0.9 and 4.2 kDa PLLs,
24 kDa PLL adsorption approached a plateau value, suggesting that
the surface area of the NP solution was saturated at �140 lg of PLL
per mg of BSA for this polymer. The likely reason for higher ad-
sorbed amounts of 0.9 and 4.2 kDa PLL could be that the surface
area accessible for lower MW PLLs is larger as compared to the
higher MW PLL. It is also possible that the smaller PLLs may pene-
trate into the NP surfaces, leading to the observed increase in
adsorption.

Uncoated and coated BSA NPs were characterized for their f-po-
tential (Fig. 1B); the f-potential of uncoated BSA NPs was �11 mV,
which is in agreement with the previously reported f-potential of
�10 mV for BSA NPs formed using ethanol as the desolvation agent
[14]. The f-potential of BSA NPs increased upon PLL coating, where
a f-potential as high as 20.6 ± 0.4 mV was observed. The f-poten-
tials of NPs formed using 0.1, 0.3 and 1.0 mg ml�1 of 0.9 kDa PLL
were 3.1 ± 0.2, 6.7 ± 2.1 and 10.1 ± 1.7 mV, respectively. The f-
potentials of NPs formed using 4.2 kDa PLL were 10.8 ± 2.6,
9.1 ± 1.9 and 12.3 ± 0.26 mV for PLL concentration of 0.1, 0.3 and
1 mg ml�1, respectively. The increase in NP f-potential with
increasing concentration of 0.9 and 4.2 kDa PLL supports the re-
sults presented in Fig. 1A. The f-potential for NPs formed using
24 kDa PLL were 19.3 ± 0.3, 19.4 ± 0.6 and 20.4 ± 0.2 mV, respec-
tively. This trend was in agreement with the adsorption plateau
observed for the 24 kDa PLL (Fig. 1A). Unlike the current study,
which indicated no difference in f-potential with the concentration
of 24 kDa PLL, such an effect was observed when the concentration
was varied between 0.01 and 0.1 mg ml�1 in an earlier work [8],
perhaps indicating that saturation levels of 24 kDa PLL are easily
Please cite this article in press as: Singh HD et al. Poly-L-lysine-coated albumin
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reached for this system. The differences in the f-potentials of BSA
NPs coated with 24 and 4.2 kDa and with 24 and 0.9 kDa PLL were
found to be statistically different (p < 0.05, single-factor analysis of
nanoparticles: Stability, mechanism for increasing in vitro enzymatic resil-
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variance (ANOVA)), contrary to BSA NPs coated with 0.9 and
4.2 kDa PLL, where the difference was not statistically different
(p > 0.05, single-factor ANOVA).

3.2. Effect of PLL coating conditions on NP size

Based on the PCS analysis (Fig. 1C), the mean particle diameter
of uncoated BSA NPs was observed to be 247 ± 50 nm, which was
similar to the previously reported value of 260 ± 20 nm for NPs
prepared in a similar manner [8]. A drastic increase in the diameter
of NPs formed using a PLL solution concentration of 0.1 mg ml�1

was observed to be 3.1 ± 0.2 and 3.8 ± 1.6 lm for 0.9 and 4.2 kDa
PLL, respectively. However, for PLL MWs of 0.9 and 4.2 kDa in solu-
tion concentrations of 0.3 and 1 mg ml�1, significantly smaller NP
diameters were observed. NPs formed using solution concentra-
tions of 0.3 and 1.0 mg ml�1 of 0.9 kDa PLL were determined to
be 265 ± 22 and 170 ± 47 nm, and for 4.2 kDa PLL diameters were
370 ± 92 and 155 ± 11 nm, respectively. Patch flocculation mecha-
nisms may explain this observed NP increase; patchy adsorption of
the cationic PLL onto the negatively charged BSA surface led to en-
hanced electrostatic interactions that drove the system to aggrega-
tion [15]. The same phenomenon was observed in an earlier work
for NPs developed from PEGylated poly(lactic acid) and poly(lactic-
co-glycolide) acid [16]; NPs developed from these copolymers hav-
ing low PEG content showed aggregation possibly because of
incomplete coverage of the surfaces of NPs by PEG chains.

NP diameters of 321 ± 40, 306 ± 47 and 313 ± 54 nm were ob-
served for NPs coated with 24 kDa PLL at concentrations of 0.1, 0.3
and 1.0 mg ml�1, respectively. No large particle size for BSA NPs
coated with 0.1 mg ml�1 of 24 kDa PLL was observed. Consistent
with adsorption amounts, it is clear that the 24 kDa PLL is able to sat-
urate the surface of BSA NPs, which probably results in the ‘‘full” sur-
face coverage that prevents the large-scale aggregation of BSA NPs.

BSA NPs were analyzed with AFM (Fig. 2) to confirm the size of
the particles measured by the PCS. Despite the appearance of some
aggregates, uncoated BSA NPs appeared to be spherical particles
that were �150 nm in diameter. These values appeared to be smal-
ler than the ones recorded from PCS, probably because of shrinkage
Fig. 2. Representative AFM pictures (height image mode) of uncoated and uncoated BSA N
(D) kDa PLL. Larger NPs were observed with coating. Uniform and spherical NPs were o
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of the particles during the drying process necessary for AFM imag-
ing. Coating the BSA NPs with 0.3 mg ml�1 of 0.9, 4.2 and 24 kDa
PLL resulted in average particle diameters of �200, �180 and
�250 nm under AFM, respectively. It appeared that the particle
size and shape were less uniform for NPs formed with 0.9 and
4.2 kDa PLL. Compared to PCS measurements, these particles were
again smaller in size (typically in the 100–250 nm range), probably
due to shrinkage of particles during the drying process. However,
the BSA NPs coated with 0.3 mg ml�1 of 24 kDa PLL had a more
uniform size distribution and were more spherical.

3.3. NP stability with trypsin

The stability of the BSA NPs was evaluated by quantitating the
release of BSA from the NPs as a function of time. As unmodified
BSA NPs were extremely fragile and unstable in solution (i.e. visible
aggregates were seen upon prolonged incubation), BSA release
only from the PLL-coated NPs were investigated.

The release of BSA from PLL-coated BSA NPs in the absence of
trypsin was studied (Fig. 3). BSA release from 0.9 kDa PLL-coated
NPs was found to be highest, where the cumulative BSA release
after 7 days was observed to be 35 ± 3, 29 ± 5 and 20 ± 4% for BSA
NPs formed using 0.1, 0.3 and 1 mg ml�1 of PLL concentration.
The relatively high release of BSA from the NPs coated with
0.9 kDa was indicative of an unstable coating, which was unable
to retain the BSA within the NP matrix. The decrease in the cumu-
lative BSA release with increasing PLL concentration was also con-
sistent with the need for a better PLL coating for a stable BSA
matrix. The cumulative release of BSA from 4.2 kDa PLL-coated
NPs was 22 ± 7, 19 ± 4 and 18 ± 3 for coating concentrations of
0.1, 0.3 and 1.0 mg ml�1, respectively. BSA NPs coated with 0.1,
0.3 and 1 mg ml�1 concentrations of 13.8 and 24 kDa PLL showed
cumulative releases of 26 ± 2, 19 ± 5 and 17 ± 2% and 21 ± 3,
18 ± 5 and 16 ± 3%, respectively, after 7 days of incubation. Cumu-
lative BSA release decreased with increasing concentration of PLL
for these PLLs as well. However, it was apparent that increasing
the PLL MW to greater than 4.2 kDa did not seem to have a large
effect on the BSA release from the NPs.
Ps. Uncoated BSA NPs (A), BSA NPs coated with 0.3 mg ml�1 of 0.9 (B), 4.2 (C) and 24
bserved with increasing MW of PLL.

nanoparticles: Stability, mechanism for increasing in vitro enzymatic resil-
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Fig. 3. Stability of PLL-coated BSA NPs based on release profile of FITC–BSA from coated BSA NPs. BSA NPs formed via coacervation were coated with PLL and release of FITC–
BSA was measured in phosphate buffer (pH 7.4). The MWs of PLL used for coating onto BSA NPs were 0.9 (A), 4.2 (B), 13.8 (C) and 24 (D) kDa, with their concentrations being
0.1(d), 0.3 (s) and 1.0 (.) mg ml�1, respectively. Trend lines are provided as a guide to the eye. Data points represent an average of n P 3; error bars are ± 1 SD. Continuous
release of FITC–BSA from 0.9 kDa PLL-coated BSA NPs and almost no release of FITC–BSA from 4.2, 13.8 and 24 kDa PLL-coated BSA NPs after day 3 were observed.
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The stability of BSA NPs coated with 0.3 mg ml�1 of 0.9 and
24 kDa PLL (Fig. 4) was also studied using AFM. The 0.9 kDa PLL-
coated NPs increased in size from �200 nm to >500 nm over the
study period of 7 days. An increase in the NP aggregation was also
observed with time. In contrast, NPs coated with 24 kDa PLL under
similar conditions showed a minimal increase in particle size from
�200 to �300 nm over the 7 day study period. The low f-potential
(6.7 mV) of the BSA NPs coated with 0.3 mg ml�1 of 0.9 kDa PLL
was not large enough to prevent aggregation, whereas the BSA
NPs coated with 0.3 mg ml�1 of 24 kDa PLL had a large f-potential
(19.5 mV) that may have significantly inhibited NP aggregation.

BSA release in the presence of trypsin (Fig. 5) was higher for all
NPs compared to BSA release in the absence of trypsin. Direct con-
trol data for trypsin-induced release was comparable to the results
shown in Fig. 3, as expected. Minor deviations are likely due to the
batch-to-batch variations in NP formation. Thus A1, B1 and C1 in
Fig. 5 were incorporated to fully understand the effect of trypsin
directly upon NP digestion. Upon exposure to trypsin, NPs formed
with 0.1, 0.3 and 1.0 mg ml�1 0.9 kDa PLL released 59 ± 3, 44 ± 2
and 30 ± 3% of encapsulated BSA after 7 days, respectively. In the
absence of trypsin, the corresponding values were 32 ± 1, 27 ± 6
and 23 ± 2%, respectively. For BSA NPs coated with 4.2 kDa PLL,
the BSA release was 23 ± 1, 17 ± 6 and 17 ± 5% for coating concen-
trations of 0.1, 0.3 and 1.0 mg ml�1, respectively, in the absence of
trypsin. Upon exposure to trypsin, these NPs released 57 ± 2, 50 ± 3
and 18 ± 1% of encapsulated BSA. The BSA release from NPs coated
with 0.1, 0.3 and 1.0 mg ml�1 of 24 kDa PLL was 19 ± 1, 19 ± 2 and
22 ± 0% in the absence of trypsin. The corresponding values in the
presence of trypsin were noted to be 61 ± 2, 54 ± 1 and 48 ± 6%,
respectively. Increases in BSA release were almost double for some
Please cite this article in press as: Singh HD et al. Poly-L-lysine-coated albumin
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systems upon exposure to trypsin. The differences in the cumula-
tive BSA release in the presence and absence of trypsin were found
to be statistically significant for all the coating concentrations on
day 1 (p < 0.05, ANOVA: single factor). An exception to this was ob-
served for 0.9 and 4.2 kDa PLL for coating concentration of
1 mg ml�1, where the BSA release was unaffected with trypsin.

An interesting observation is the decrease, over time, in the
cumulative release of BSA with the increasing concentration of
PLL (0.9 and 4.2 kDa) used for coating BSA NPs. As shown in
Fig. 1A, there was no saturation noted for the adsorbed amount
of the lower MW PLLs onto the BSA NPs, but the onset of a plateau
may be evident for the 24 kDa PLL system; as a result, there is an
intimate surface coverage of the NPs at higher concentrations.
Therefore, at a coating concentration of 0.1 mg ml�1 (for both 0.9
and 4.2 kDa PLL), a slight cleavage by trypsin resulted in quick dis-
integration of the NPs and, hence, the large release of BSA. How-
ever, the NPs coated with 24 kDa PLL seemed to be overly
sensitive to the trypsin treatment (unlike lower MW PLLs). This
could be due to the tendency of high MW PLL to display more
loops, tails and trains while in the adsorbed state [15], thereby
being more accessible to trypsin hydrolysis. The saturation noted
for the 24 kDa PLL adsorption (Fig. 1A) could also explain the sim-
ilar BSA release rates (i.e. degradation rate) observed at the three
coating concentrations.

3.4. siRNA encapsulation in BSA NPs

siRNA has attracted much attention as a therapeutic agent and
may be used to treat lethal diseases requiring systematic adminis-
tration to enter target cells [17]. However, siRNA degrades rapidly
nanoparticles: Stability, mechanism for increasing in vitro enzymatic resil-
ctbio.2010.06.017
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Fig. 4. AFM pictures of coated BSA NPs. BSA NPs coated with 0.3 mg ml�1 of 0.9 (left column) and 24 (right column) kDa PLL. PLL-coated BSA NPs suspensions were diluted
with phosphate buffer (pH 7.4) and incubated. Samples were analyzed under AFM at Day 1, 3 and 7. An increase in the particle size as well as aggregation was observed for
0.9 kDa PLL-coated BSA NPs. Partial increase in the particle size was noted with time for 24 kDa PLL-coated BSA NPs.
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in the circulation and cellular cytoplasm, resulting in a short half-
life [18]. A carrier system is therefore needed where siRNA is not in
direct contact with the physiological environment. For example,
siRNA encapsulated in hydrogel NPs resulted in improved stability
and better receptor breakdown [19]. Herein, siRNA was encapsu-
lated in BSA NPs, where the encapsulation efficiency was assessed
using a FAM-labeled siRNA. The encapsulation efficiency was
found to increase from 12 ± 3% for uncoated BSA NPs to >50% for
coated BSA NPs. Also, an increase in the encapsulation efficiency
was observed with increasing PLL MW. Encapsulation efficiencies
of 58 ± 5%, 66 ± 6% and 83 ± 6% were observed for BSA NPs coated
with 1.0 mg ml�1 of 0.9, 4.2 and 24 kDa PLL, respectively. It is
thought that the low encapsulation efficiency of siRNA in uncoated
NPs was largely due to the inherent instability of the uncoated NP.
Moreover, because the siRNA is added to the BSA solution and the
particles are coacervated prior to the PLL addition, it stands to rea-
son that the siRNA would be largely incorporated within the NPs.
This charged layer may be able to hinder the molecular mobility
of siRNA and inhibit it from leaving the BSA matrix during the fab-
rication process. An analogous observation was reported when
cationic polyethylenimine (PEI) was used to coat poly(D,L-lactide-
co-glycolide) NPs: the encapsulation efficiency of siRNA was
increased from 43% to 80% upon PEI coating [20]. The increase in
the number of positive moieties with increasing PLL MW might
be the reason for the increase in the encapsulation efficiency with
the use of higher MW PLL.
3.5. siRNA release from uncoated and coated NPs in the presence of
trypsin

The release profile of siRNA encapsulated in NPs was investi-
gated in the absence and presence of trypsin (Fig. 6). The net re-
lease of siRNA from BSA NPs coated with 1.0 mg ml�1 of 0.9, 4.2
and 24 kDa PLL released 2.4 ± 0.45, 3.44 ± 0.3 and 5.2 ± 0.4 ng of
encapsulated siRNA, respectively, in the presence of trypsin after
Please cite this article in press as: Singh HD et al. Poly-L-lysine-coated albumin
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7 days of study period. In the absence of trypsin, the corresponding
values were 1.8 ± 0.4, 1.3 ± 0.1 and 1.35 ± 0.32 ng, respectively. The
release was higher in the presence of trypsin, and the higher MW
PLLs (4.2 and 24 kDa) gave a higher release rate upon trypsin diges-
tion as compared to the 0.9 kDa PLL coating. The increase in the
amount of siRNA released from the coated NPs was in line with
the increased BSA release noted with increased PLL MW in the
presence of trypsin. On exposure to trypsin, the more accessible
domains of the larger 24 kDa PLL resulted in easier degradation,
facilitating a larger release of siRNA compared to other lower
MW PLLs.

Increasing drug (siRNA in our case) release upon trypsin treat-
ment is expected from proteolytically sensitive protein NPs. BSA
NPs containing HCPT, for example, displayed such an enhanced re-
lease upon trypsin exposure:�25% release in 40 h in the absence of
trypsin but �90% release in 20 h in the presence of trypsin [12].
The release of some molecules (e.g. Rose Bengal as a model drug)
from human serum albumin (HSA) NPs was relatively slow – per-
haps too slow for practical application. However, the presence of
trypsin accelerated the release rate of the encapsulated drug from
these NPs, making them more practical for drug release [21]. Com-
pared to native HSA NPs, preparing HSA NPs with PEG moieties on
the surface appeared to reduce the trypsin-stimulated release [20],
indicating an inhibitory effect of the PEG layer on protein degrada-
tion by the trypsin. In this regard, PEG might act in a similar way to
PLL coatings used in this study, impeding the access of trypsin to
the NP core. It might be possible to incorporate PEG along with cat-
ionic polymers for particle coatings in order to fine-tune the prote-
olytic sensitivity of protein NPs.
4. Conclusions

This study described a method of obtaining BSA NPs in a prac-
tical range. There was a large increase in the zeta-potential of the
BSA NPs upon PLL coatings, where the BSA NPs coated with
nanoparticles: Stability, mechanism for increasing in vitro enzymatic resil-
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Fig. 5. Tryptic digestion of PLL-coated FITC–BSA NPs based upon a fluorescence test. Fluorescence value of the supernatant was calculated in the absence and presence of
trypsin. PLL MWs were varied from 0.9 (A1, A2) to 4.2 (B1, B2) and 24 (C1, C2) kDa. Symbols (d), (s) and (.) represent FITC–BSA release from 0.1, 0.3 and 1.0 mg ml�1,
respectively, of PLL-coated BSA NPs. Trend lines are provided as a guide to the eye. Data points represent an average of n P 3; error bars are ± 1 SD. Trypsin was found to
digest the coated BSA NPs. The digestion rate was found to decrease with increasing concentration of the 0.9 and 4.2 kDa PLL used for coating onto BSA NPs.

Fig. 6. siRNA release (in ng) from BSA NPs coated with 1 mg ml�1 of 0.9 (j), 4.2 (N) and 24 (d) kDa PLL in the presence and absence of trypsin. Trend lines are provided as a
guide to the eye only. Data points represent an average of n P 3; error bars are ± 1 SD. Twenty-four kilodaltons PLL-coated BSA NPs showed the highest encapsulation
efficiency and a steep rise in the percent of siRNA released from the NPs in the presence of trypsin.
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24 kDa PLL revealed the highest zeta-potentials. Coating of BSA
NPs with low MW PLLs (0.9 and 4.2 kDa) at low concentration
(0.1 mg ml�1) resulted in a dramatic increase in the particle size,
Please cite this article in press as: Singh HD et al. Poly-L-lysine-coated albumin
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possibly because of a flocculation mechanism. The use of higher
MW (24 kDa) PLL for the NP coating offered an increase in NP
stability under aqueous conditions; however, it afforded the least
nanoparticles: Stability, mechanism for increasing in vitro enzymatic resil-
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protection against enzymatic digestion. In fact, PLL coatings
formed from shorter PLLs seemed to offer more protection against
enzymatic degradation. This might be because fewer high MW
molecules are required to fill the NP surface, and because high
MW PLLs are prone to forming domains (i.e. loops) that are not
closely associated with the NP and are easily accessible to solution
enzymes. These observations will be critical when considering
coating materials for developing ‘‘soft” nanoparticle-based delivery
systems and especially for designing NPs with controlled sensitiv-
ity to proteolytic enzymes.
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Appendix A. Figures with essential color discrimination

Certain figures in this article, particularly Figs. 2 and 4 are diffi-
cult to interpret in black and white. The full color images can be
found in the on-line version, at doi:10.1016/j.actbio.2010.06.017.
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