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anoparticles play an important role

in medicine. Since the United States

Food and Drug Administration (FDA)
first approved the use of superparamag-
netic iron oxide (SPIO) nanoparticles for
ultrasound’ and nuclear magnetic reso-
nance imaging® in the mid-1990s, over a
hundred nanomedicine clinical trials have
been carried out around the world and
more than 35 new nanomedicines have
been granted FDA approval over the past
15 years.>® Nevertheless, nanotoxicity and
the rapid rejection of nanoparticles from the
human body remain major challenges in
nanomedicine.”® In recent years, there is
increasing interest in using a patient's own
protein, such as serum albumin, as a stabi-
lizing agent for nanoparticles in different
medical applications because human pro-
tein can increase biocompatibility by reduc-
ing the chance of immune rejection and
preventing non—specific build-up of nano-
particles inside the body.” '

Serum albumin is the most abundant
protein in the human body. Human whole
blood contains 35—50 g/L of human serum
albumin (HSA)."~'7 The two major func-
tions of serum albumin are to maintain
osmotic pressure between the intravascular
system and body tissues and to transport
fatty acids, hormones, bilirubin, and other
small drug molecules throughout the
body.">'®'® At physiological pH, the poly-
peptide chains are folded to form a heart-
shaped conformation, with negative charges
equally distributed in domains | and lll (see
Figure 1)."17'® Isolation methods, such as
cross-filtration,?® have been developed to iso-
late serum albumin from blood for various
biomedical applications, such as the treatment
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There is increasing interest in using serum albumin, the most abundant plasma protein, as a
stabilizing agent in the context of nanomedicine. Using poly(vinyl amine)-stabilized polypyrrole
nanoparticles as an example, we report a facile generic route to prepare serum albumin-
nanoparticle conjugates via heterocoagulation. Time-resolved dynamic light scattering (DLS),
disk centrifuge photosedimentometry (DCP), and circular dichroism (CD) spectroscopy studies
confirm that bovine serum albumin (BSA) adsorbs rapidly onto the cationic poly(vinyl amine)-
stabilized polypyrrole nanoparticles and suggest that the initial well-defined protein coronal is
subsequently cross-linked via thiol-disulfide exchange. These BSA—nanoparticle conjugates
were further characterized by X-ray photoelectron spectroscopy (XPS), aqueous electrophoresis,
field emission scanning electron microscopy (FE SEM), and transmission electron microscopy
(TEM). They exhibit excellent long-term colloidal stability under physiological conditions
without further purification, suggesting strong irreversible adsorption by the BSA. Protein
adsorption appears to be co-operative and both thermodynamic and mechanistic aspects were
examined via aqueous electrophoresis, DCP, and DLS studies.

KEYWORDS: serum albumin - polypyrrole nanoparticles - protein adsorption -
protein-nanoparticle interactions - heterocoagulation

of hypovolemic shocks and acute liver failure.?’
Two serum albumin-based nanomedicines,  *address correspondence to
namely 99m-technetium-labeled human  km.au@shefac.uk,
serum albumin macroaggregates?2~2* and ~ SP-armesesheffieldacuk.
perflutren serum albumin microsphere  geceived for review July 3, 2012
(Optison),>> were recently approved by the  and accepted August 22, 2012.
FDA for tumor imaging. The amino acid . .

. K Published online August 22, 2012
sequence of bovine serum albumin (BSA)  10.1021/nn302968]
is very similar to that of HSA. Moreover,
these two proteins have almost identical ~ ©2012 American Chemical Society
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Figure 1. Crystal structure of serum albumin proteins. (a) X-ray crystal structure of bovine serum albumin (BSA) crystallized
with calcium acetate (Protein Data Bank entry number 3V03). (b) X-ray crystal structure of human serum albumin (HSA)
crystallized from poly(ethylene glycol) at a pH 7 (Protein Data Bank entry number 1A06)."” The secondary and tertiary
structure of BSA is almost identical to that of HSA."® (c) Water-accessible space-filling model of human serum albumin 1A06.
BSA and HAS have almost identical “heart-shaped” tertiary structure with dimensions of 8 nm x 8 nm x 3 nm. (d) (i—v) Surface
electrostatic potential distribution of human serum albumin 1A06 at pH 7 observed from different directions, as calculated
using the PDB2PQR surface charge distribution software package.>'® Negative, neutral, and positive potentials ranging
from —4kyTe. " (—103.4 mV) to +4kpTe. ' (+103.4 eV) are represented in blue, white, and red, respectively.

secondary and tertiary structures (see Figure 1)."® Thus
BSA has been widely used for various biomedical
applications for decades.?>~ %> Indeed, BSA has been
used as an antiwrinkling agent in cosmetic products for
more than half a century.?® There is an increasing
interest in using serum albumin in nanomedicine. This
is partly because serum albumin can improve biocom-
patibility, but also because several studies have shown
that serum albumin can improve the colloidal stability
of nanoparticles as well.>'? In addition, several recent
studies found that cancer cells selectively take up
serum albumin-coupled drugs because tumors use this
protein as a source of energy to maintain their high
metabolic activity, whereas serum albumin—conjugated
drugs do not enter healthy cells.">?”~2° Thus serum
albumin-coated nanoparticles are potentially useful in
cancer diagnostics and therapies. However, depositing
serum albumin onto nanoparticles can be challenging.
The traditional covalent immobilization method often
leads to irreversible aggregation and the resulting
serum albumin—nanoparticle conjugates are often
difficult to purify.3®*" In recent years, much attention
has focused on the physical adsorption of serum
albumin onto cationic surfactant-stabilized nanopar-
ticles, such as cetyltrimethylammonium bromide-
stabilized gold sols,® iron oxide sols,'®'" and gold
nanorods.”® Although preliminary in vitro studies
are promising, this fabrication method has several
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drawbacks. First, an additional purification step is often
required to remove free cationic surfactant, which is
cytotoxic.?~'"'31* Second, the serum albumin layer
thickness depends on the incubation period." There
are also concerns that such purified serum albumin-
stabilized nanoparticles may aggregate when they
encounter serum albumin in physiological fluids.'®
Furthermore, the serum albumin shell can slowly disin-
tegrate in liposomal fluid, which regenerates the cyto-
toxic charge-stabilized nanoparticles.'”®> Thus there is
considerable scope for the development of a facile
and general method to fabricate colloidally stable serum
albumin-stabilized nanoparticles for nanomedicine.
Heterocoagulation is widely used to produce core—
shell colloidal nanoparticles in ceramic composite
processing indutries.3?~3¢ Heterocoagulation involves
adsorption of small shell-forming particles (SFPs) onto
the surface of larger, oppositely charged core-forming
particles (CFPs). Unlike heteroflocculation, which is
related to heterocoagulation but involves weaker re-
versible adsorption,3” 3° thermal annealing (i.e., heat-
ing the initial core—shell nanoparticles above the glass
transition temperature of the SFPs) is often required to
prevent desorption of SFPs.3273¢ Most CFPs are steri-
cally stabilized by polyelectrolytes (e.g., poly(acrylic
acid) (PAA), poly(vinyl amine) (PVAm), poly(ethylene
imine) (PEI), poly(allylamine hydrochloride) (PAH)) to
increase the colloidal stability of the CFPs and provide
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Scheme 1. Schematic representation of the concept of using protein-coated nanoparticles for biomedical applications.
Serum albumin extracted from donor blood or patient's own blood can be used to fabricate biostable serum albumin-coated
core—shell nanoparticles by heterocoagulation of the protein with polyamine-stabilized nanoparticles (e.g. poly(vinyl
amine)-stabilized PPy nanoparticles are used in this work). Due to the non-toxic nature of non-adsorbed serum albumin,
the biocompatible and highly colloidal stable serum albumin-stabilized nanoparticles can be used for biomedical applica-

tions without further purification.

an attractive electrostatic interaction with the SFPs. In
some cases, the polyelectrolyte stabilizer also facilitates
the adsorption of SFPs. Although heterocoagulation has
been widely used in the ceramic industry for several
decades, to the best of our knowledge this approach has
not been used in biomedical applications. This may be
due to our limited understanding of protein—cationic
nanoparticle interactions**~* and the cytotoxic effects
of polyelectrolytes®3*~** We hypothesized that the
presence of large patches of anionic charge on the
surface of serum albumin (see Figure 1) and the well-
known propensity of serum albumin to aggregate rapidly
at high concentration***® might enable the formation of
a robust serum albumin coronal layer at the surface of
cationic nanoparticles via heteroflocculation (Scheme 1)
without requiring a subsequent annealing step. Such an
adsorbed protein layer offers two potential advantages
over traditional methods. First, electrostatic adsorption
is usually very rapid,* which significantly reduces the
fabrication time. Second, the as-made core—shell nano-
particles can be used immediately without further purifi-
cation since any nonadsorbed serum albumin that may
remain in aqueous solution is not cytotoxic. Hence in
principle this approach allows the clinician to use the
patient's own serum albumin to prepare serum-coated
nanoparticles for point-of-care biomedical applications.
Polypyrrole (PPy) is an air-stable organic conducting
polymer that was first discovered in the early 1960s.*’
Due to its excellent biocompatibility**=>° and high
electrical conductivity,” polypyrrole has been extensively
investigated for various biomedical applications,®'>? such
as bioactuator, gas sensor, and substrate for manipulating
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mammalian cell growth and function. Polypyrrole nano-
particles can be readily prepared via aqueous dispersion
polymerization of pyrrole using a mild oxidant such as
iron(lll) chloride in the presence of a suitable water-
soluble polymeric stabilizer>*>° The stabilizer type dic-
tates the surface chemistry and use of water-soluble
copolymer stabilizers containing pendent thiophene or
pyrrole moieties ensures chemical grafting onto the sur-
face of the polypyrrole nanoparticles.>* =52 Such bespoke
stabilizers can be designed to confer either anionic,>”°
cationic,®? zwitterionic, or nonionic character’®>%>%%! on
the polypyrrole nanoparticles. Recently, there is increas-
ing interest in evaluating polypyrrole nanoparticles (and
colloidal forms of related organic conducting polymers)
for novel biomedical applications, such as marker parti-
cles for immunodiagnostic assays®® contrast agent for
ultrasound tomography imaging,®* magnetic resonance
tomography imaging,®® and optical coherence tomogra-
phy imaging,®® cell labeling,” photothermal therapy,®®
and drug delivery.®®

Herein we use PVAm-stabilized polypyrrole (PPy) nano-
particles as a colloidal template to demonstrate the one-
step fabrication of serum albumin-coated nanoparticles
with a well-defined core—shell morphology via hetero-
flocculation. Dynamic light scattering (DLS) and disk
centrifuge photosedimentometry (DCP) studies have
been conducted to monitor the rate of BSA adsorption
and the long-term stability of the resulting core—shell
nanoparticles under physiological conditions. The thermo-
dynamics of heterocoagulation and the structure of the
BSA corona have also been studied using complementary
characterization techniques. In principle, this fabrication
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Figure 2. Characterization of PPy nanoparticles. (a) Cartoon illustration of the PVAm-stabilized PPy nanoparticles: the PVAm
stabilizer chains are chemically grafted onto the PPy nanoparticle surface. (b) Representative TEM image recorded for PVAm-
stabilized PPy nanoparticles. (c) Representative FE SEM image recorded for PVAm-stabilized PPy nanoparticles. The number-
average particle diameter (D,,) was estimated to be 135 nm from digital image analysis of 102 nanoparticles (see Supporting
Figure S1 for details). (d) DCP particle size distribution curve of the PVAm-stabilized PPy nanoparticles. The mean weight-
average diameter (D,,) of the nanoparticles was 134 &+ 24 nm. (e) DLS particle size distribution curve obtained for PVAm-
stabilized PPy nanoparticles at 25 °C and pH 7. The intensity-average diameter (Dy,) was 186 + 43 nm (standard derivation
based on the average of three 15 x 15 s measurements, SD = 3 nm).

technique should have generic applicability to many other
polyamine-stabilized nanoparticles, including iron oxide
and gold sols, quantum dots, polystyrene latexes, etc.
To avoid interference from other plasma proteins and
lipids,'>”° we used highly purified bovine serum albumin
(BSA, purified serum albumin extracted from bovine
plasma) to replicate serum albumin corona.

RESULTS AND DISCUSSION

Synthesis and Characterization of Poly(vinyl amine)-Stabi-
lized Polypyrrole Nanoparticles. PVAm-stabilized PPy nano-
particles were synthesized by aqueous dispersion
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polymerization using iron(lll) trichloride as an oxidant
in the presence of a reactive thiophene-functionalized
PVAm stabilizer (see Figure 2a), as reported recently.>%2
Briefly, a commercial sample of PVAm was reacted with
2-thiophenecarboxaldehyde followed by in situ reduc-
tion (see Materials and Methods for details). Figure 2
panels b and ¢ show representative transmission elec-
tron microscopy (TEM) and field emission scanning
electron microscopy (FE SEM) images recorded for
the PVAm-stabilized PPy nanoparticles, which have a
mean number-average particle diameter (D,,) of 134 nm
(based on 159 particles counted from two micrographs,
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see Supporting Figure S1(a)). This is reasonably consis-
tent with the mean weight-average particle diameter
(D) of 134 nm measured by DCP (Figure 2d) and the
DLS intensity-average diameter (D) of 186 nm re-
corded, see Figure 2e. Comparing the number-average
diameter of lyophilized PPy nanoparticles (where the
steric stabilizer collapses to negligible thickness) with
their intensity-average hydrodynamic diameter in aque-
ous solution, it is estimated that the upper limit of the
thickness of solvated PVAm-stabilizing layer, Opmax =
0.5 x (Dy — D) =26 nm. Comparing the microanalytical
sulfur and nitrogen contents of the PVAm-stabilized PPy
nanoparticles (S = 0.50 wt %, N = 16.4 wt %) with the
nitrogen content of PPy bulk powder (N = 16.3 wt %)
determined by elemental microanalysis, it is calculated
that the purified PVAm-stabilized PPy nanoparticles
contain 14.0 wt % PVAm stabilizer (surface grafting
density, T' = 5.5 mg m ™), which is comparable with
that of sterically stabilized PPy nanoparticles of similar
particle diameter.”' Based on the number-average di-
ameter and steric stabilizer content of the PVAm-stabilized
PPy nanoparticles and the bulk density of PPy bulk
powder, the mean mass per PPy nanoparticle is calculated
to be 2.21 x 107 '® g (see Supporting Figure S2 for the
calculation). The surface sulfur-to-nitrogen atomic ratio of
0.10 determined by X-ray photoelectron spectroscopy
(XPS) for these PVAm—stabilized PPy nanoparticles is 10
times higher than the corresponding S/N atomic ratio of
0.01 determined by elemental microanalyses (see Sup-
porting Figure S3, Supporting Table S1), which strongly
suggests that the hydrophilic PVAm stabilizer is present at
the nanoparticle surface. The deconvoluted core-line S2p
spectrum of the PVYAm-stabilized PPy nanoparticles (see
Supporting Figure S4) suggests that the pendent thio-
phene rings on the PVAm stabilizer are chemically grafted
onto the PPy surface, since 64% of the sulfur atoms
possess cationic character due to oxidation.”> Aqueous
electrophoresis studies indicate that the PVA-stabilized PPy
nanoparticles has positive zeta potentials (+39.5 mV at pH
7 in T mM KCl; +13.5 mV at pH 7 in 0.1 M PBS) over the
whole pH range investigated (see Supporting Figure S5).
Given that the pK, of PVAm is about 10,>’* these
observations suggest that the cationic PVAm stabilizer is
indeed located at the surface of the PPy nanoparticles, as
expected. Although both PPy bulk powder (see Support-
ing Figure $5)>* and charge-stabilized PPy nanoparticles>
exhibit similar cationic character in the presence of 1 mM
KCl at pH 7, their zeta potentials drop to about —12 mV
when dispersed in 0.1 M PBS (also at pH 7), presumably
due to compression of the electrical double layer (EDL)
and adsorption of phosphate ions onto the PPy surface.
This indicates that the cationic PVAm steric stabilizer is
essential to maintain highly cationic character to en-
sure the strong electrostatic adsorption of anionic
serum albumin in physiological buffer solution.
Preparation and Characterization of Serum Albumin—
Polypyrrole Nanopartide Conjugates. To a good approximation,
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proteins intercalate within the loosely packed solvated
PVAm steric stabilizer layer and form a close-packed serum
albumin corona after heterocoagulation. The upper limit
for protein molecules (Na) required to form a close-
packed protein corona can be calculated using the follow-
ing theoretical equation (see Remark S1 in Supporting
Information for details),

Niax = E l [(Dn +26h, max)3 - D,3\|] (1)
6V,

where V,, is the volume of each serum albumin molecule
(Vo of BSA = 83 nm>, see remark S1 in Supporting
Information for this calculation), Dy is the number-average
nanoparticle diameter, and Jy, max is the upper limit of the
solvated steric stabilizer thickness. This theoretical equa-
tion allows precise estimation of the maximum number of
proteins required to form a close-packed protein corona.
In this particular case, the upper limit number of BSA
molecules required to form a close-packed BSA corona on
PVAm-stabilized PPy nanoparticles of 134 nm diameter
is 24 500.

The efficient theranostic concentration of PPy nano-
particles (and closely related polyaniline nanoparticles)
lies between 50 and 500 ug/mL.°67%8 To demonstrate
that heterocoagulation can be used to prepare BSA-
coated PPy nanoparticles at theranostic concentrations
using a plasma-like concentration of serum albumin,
673 M BSA (4.05 x 10'” BSA molecules per mL) in 0.1 M
PBS was vortex-mixed with 50 to 1000 «g/mL PVAm-
stabilized PPy nanoparticles (2.26 x 10'°to 4.52 x 10"
particles per mL) at 2000 rpm for 20 s (Scheme 1). It is
perhaps worth emphasizing that the BSA/nanoparticle
ratios in these experiments are well below the theoret-
ical limit required to form well-defined core—shell
nanoparticles calculated using eq 1. Figure 3a shows a
representative TEM image of the heterocoagulated
nanoparticles obtained using 200 ug/mL PVAm-
stabilized PPy nanoparticles mixed with 673 uM BSA. The
distinctive core—shell structure indicates the formation
of a dense, space-filling protein layer. The image con-
trast between the PPy core and the BSA shell is due to
the large electron scattering difference between these
two components. There is also some evidence for
nonadsorbed BSA in the TEM and FE SEM micrographs
(see Figure 3ab and Supporting Figure S1(b)). The
particle size and colloidal stability of various BSA-coated
PPy nanoparticles prepared under different conditions
were characterized and monitored by DLS and DCP at
20 °Cfor 48 h (see Figure 3c and Supporting Figure S6(a)
and (b)). The mean hydrodynamic diameter of the
core—shell nanoparticles increased by approximately
20 nm after protein adsorption compared to the pre-
cursor PPy nanoparticles. The core—shell nanoparticles
are relatively uniform in size. However, higher polydis-
persities were observed for samples prepared using
either 50 or 100 ug/mL of PPy nanoparticles due to
the large excess of nonadsorbed BSA, which is also

VOL.6 = NO.9 = 8261-8279 = 2012 F@L@Mi{\)

WWW.acsnano.org

8265



400 T 0(1) As fabricated core-shell NPs in 0.1 M PBS

;' © (1) Core-shell NPs stored at 20 °Cin 0.1 M PBS for 48 h
i 300 1 A (1) Core-shell NPs stored at 37 °C in 0.1 M PBS for another 48 h

m
w
Ul
o

n

Mean weight-average D
S—

2 3 1
8250 ¢ -
3 i 1
E 200 T i
& 150 F g
° 3 +
5 : - w0l [ 111 '\ I ! ]
: A c 50 -— Mean Dw of PVAm-stabilized PPy NPs = 134 nm
= or——+t+—r++—+—+—+——F
o] 200 400 600 800 1000
[PPy], pg/mL
143 nm
(d) (e) (ﬂ 0 130nm Monomodal
1.00 A BSA core-shell NP
\ & corona
£ 075 4 O Bimodal
® ? & S core-shell NP
§ PVAM-
2 0.50 A ::;:"'led PPy 163 nm Purified PPy-BSA core-shell NPs
= Mean D.. = (after removal of excess BSA)
% 138" Mean D,, = 163 hm
«
0.25 4 _l_’ As-prepared PPy-BSA core-shell NPs
. (before removal of excess BSA)
.Q Mean D, =155 nm
200 nm
0.00

0 100 200 300 400 500
Weight-average particle diameter (Dw), nm

Figure 3. Particle size characterization of BSA—PPy nanoparticle conjugates. (a) Representative TEM image recorded for
PPy—BSA core—shell nanoparticles (NPs) prepared using 200 xg/mL (9.05 x 10" particles per mL) PPy nanoparticles. (b)
Representative FE SEM image recorded for the PPy—BSA core—shell nanoparticles (NPs) prepared. (c) Weight-average
diameter (D,,) of PPy—BSA core—shell nanoparticles as a function of PVAm-stabilized PPy nanoparticle concentration at a
fixed BSA concentration of 673 uM. The mean D,, of the core—shell nanoparticles were recorded immediately after
nanoparticle preparation (red open squares), after storage at 20 °C for 48 h (open diamonds), and after incubation at
37 °C for another 48 h (brown open triangles). The error bars represent the polydispersity of the core—shell nanoparticles.
(d) Representative TEM image recorded for the PPy—BSA core—shell nanoparticles after six centrifugation—redispersion
cycles. (e) Representative FE SEM image recorded for the PPy—BSA core—shell nanoparticles after six centrifugation-
redispersion cycles. (see Supporting Figure S1 for particle size analyzes). (f) Weight-average particle diameter distribution
curves recorded for the original PVAm-stabilized PPy nanoparticles (black curve), the as-prepared PPy—BSA core—shell
nanoparticles obtained using 200 xg/mL PPy (red curve), and the purified PPy—BSA core—shell nanoparticles (blue curve).
The modal diameters for the PVAm-stabilized PPy nanoparticles and for the two samples of PPy—BSA core—shell

nanoparticles are 130, 143, and 169 nm, respectively.

detected by DLS (see Supporting Figure S6¢). DLS measure-
ments performed over 48 h confirmed that all core—shell
nanoparticles prepared by heteroflocculation remained
colloidally stable over the 48 h storage period (see Support-
ing Figure S6b), which suggests that it may be feasible for
clinicians to prepare serum albumin-based core—shell
nanoparticles prior to administration to patients.

DCP is a powerful method for characterizing particle
size distributions of colloidal dispersions3®””~8% The
weight-average diameter, D,,, increased from 134 nm
(see Figure 3f) for the PVAm-stabilized PPy nanoparticles
to around 155 to 164 nm for the BSA-coated PPy
nanoparticles, (see Figure 3f). Moreover, these precursor
nanoparticles invariably exhibited unimodal size distribu-
tions, whereas the BSA-coated nanoparticles typically
displayed bimodal size distribution. The major popula-
tion corresponds to the increase in particle di-
ameter expected for the adsorbed shell of BSAZ'%2 The
shoulder at higher diameter is at 169 nm, which is just
under 20% greater than the modal diameter of 143 nm;
this suggests the formation of doublets or dimers (see
Remark S2(a) in Supporting Information for details)3*
In the above DCP analysis, the density of dried
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PVAm-stabilized PPy nanoparticles (oppy = 1.445 g an 3,

as measured by helium pycnometry) was used to calculate
the weight-average particle diameter. However, the addi-
tion of a hydrated BSA shell (pgsa = 1.350 g cm )85 wiill
necessarily reduce the effective nanoparticle density, thus
the apparent weight-average particle diameter will be
smaller than the actual core—shell nanoparticle diameter
if the original nanoparticle density of 1.445 g cm™> is used.
To address this problem, we applied an equation pre-
viously derived by Dawson et al. to correct for the core—
shell density and hence (see Remark S2(B) in Supporting
Information for details) calculated the actual BSA shell
thickness (0w, BSA):®'82

(s — px)
(pz sy (Dw, c+20w)* — D2, ¢ 00D, c + 20w, 85)
(Pc _ps) 3
+e——D; =0 @
(oc —pp) ™¢

where p. is the density of the particle core (p. = pppy, =
1.445 g cm™), p, is the shell density (ps = pgsa =
1.350 g cm3) 2288 ¢ is the DCP spin fluid density (of of
a 8 to 24% sucrose gradient = 1.064 g cm >, provided
by CPS Instruments Ltd.),¥” D, is the D,, of unbound PPy
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nanoparticles (D, = 130 nm), and D, cs app is the apparent
D,, of the core—shell nanoparticles. Using the peak max-
imum of the particle size distribution curves of the PVAm-
stabilized PPy nanoparticles and the major population for
the BSA-coated PPy nanoparticles as references, the BSA
coronal thickness (dy,gsa) Was calculated to be 9.5 nm,
which is comparable to the BSA shell thickness deter-
mined by DLS (3gsa = 10.5 nm, see Supporting Figures S6a
and b) and FE SEM (O¢esem gsa-shen = 9 nm, calculated
from the estimated difference in size between the
PVAm-stabilized PPy and BSA-coated PPy nanoparticles,
see Figures S1b and S1c in the Supporting Information).
Time-dependent DCP studies (see Figure 3c and
Supporting Figure S7) also confirmed the long-term
colloidal stability of the unpurified BSA-coated PPy
nanoparticles, since the major population remained
constant at around 143 nm on storage at pH 7 over
48 h at 20 °C. In contrast, plasma protein-coated core—
shell nanoparticles prepared by physical adsorption
began to aggregate under similar physiological condi-
tions within 2 h of their preparation.®®

After storage at 20 °C for 48 h, the BSA-coated PPy
nanoparticles were incubated at 37 °C for a further 48 h
to mimic the physiological environment of human body.
The colloidal stability of the core—shell nanoparticles
was assessed by DCP (see Figure 3f and Supporting
Figure S6a and b). The mean D,,, of various nanoparticles
remained essentially constant during this incubation
period, suggesting little or no aggregation. Similar
results were obtained using DLS (see Supporting
Figure S6b). Most nonmetabolized nanoparticles are
removed within 48 h after administration via excretion
through the liver and kidney,® thus these data suggest
that the protein-coated core—shell nanoparticles can be
used for biomedical applications directly without further
purification.

Colloidal Stability of BSA-Coated Polypyrrole Nanoparticles
after Removal of Excess Nonadsorbed Protein. BSA-coated
PPy nanoparticles prepared at 200 ug/mL were further
examined to investigate the stability of the adsorbed
protein layer in the absence of free protein. Thus
nonadsorbed BSA was carefully removed via five
centrifugation—redispersion cycles. Figure 3d shows
a representative TEM image obtained for such purified
BSA-coated PPy nanoparticles. A distinctive core—shell
structure can again be observed, indicating that the
BSA coronal layer remains intact. As shown in Figure 3f,
the mean D,, (see also Figure S8a and b in Supporting
Information for DLS data) of these purified nanoparti-
cles slightly increased from 181 to 196 nm during
purification: this weak flocculation may be at least
partly due to inefficient redispersion after centrifugal
sedimentation. However, the D,, values for the major
and minor populations remained at 143 and 169 nm,
respectively, suggesting that the BSA shell thickness
remains essentially constant. The zeta potential of the
purified BSA-coated PPy nanoparticles is —9.0 mV at
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pH 7 in 0.1 M PBS, which is comparable to that of both
the unpurified nanoparticles and also BSA, which
provides additional evidence that the protein remains
adsorbed at the nanoparticle surface (see Figure 4a).>° 2
Identical heterocoagulation experiments were per-
formed for another four times immediately after vortex
mixing (20 s) to access the reproducibility of the
fabrication method. As shown in Supporting Figure S9,
the intensity-average diameter, weight-average dia-
meter and zeta potential of the BSA-PPy nanoparticle
conjugates recorded before and after removal of ex-
cess BSA are almost identical, suggesting that the
heterocoagulation method is highly reproducible.
XPS studies of the purified nanoparticles are also
consistent with a thick layer of adsorbed protein.
Figure 4b shows the Cils core-line XPS spectrum
recorded for PVA-stabilized PPy nanoparticles, BSA,
and purified BSA-coated PPy nanoparticles. Distinctive
carbonyl features include —COOH at 288 eV and an
amide carbonyl at 286 eV due to the peptidic residues
of the BSA.?*** Peak deconvolution of this C1s core-
line spectrum suggests that the BSA surface coverage
is around 88%. Similarly, FTIR spectroscopy studies of
the BSA-coated PPy nanoparticles reveal a strong
amide | band at 1631 cm ™" and C—H stretching band
at 1372 cm™' contributed from the adsorbed BSA®
although the amide band Il at 1511 cm™" and the amide
band Il at 1441 cm ™' overlap with the strong PPy bands
at 1569 and 1460 cm™' due to V(C=C) and v(C=N)
respectively,”® see Figure 4c. Spectroscopic measure-
ments (see Figure 4d) indicate the fabrication of serum
albumin corona and subsequent purification does not
change the strong near-infrared absorption of the poly-
pyrrole nanoparticles, which is essential for many biome-
dical applications, such as optical coherence tomography
imaging.66 Time-resolved DLS, aqueous electrophoresis,
and DCP studies (see Supporting Figure S8a and ¢) also
indicate that there is negligible desorption of the BSA
chains from the PPy nanoparticle surface in the absence
of free BSA in solution.

Colloidal Stability of BSA-Coated PPy Nanoparticles under
Extreme Conditions. It is well-known that weakly bound
noncross-linked proteins can be readily desorbed from
polyelectrolyte-coated surfaces in the presence of
either high ionic strength or ionic surfactant.’” Thus
salt and surfactant challenges were used to assess the
colloidal stability of purified BSA-coated PPy core—
shell nanoparticles (see Materials and Methods section
for further details). Nanoparticles were exposed to
either 1.0 M NaCl or 0.50 M SDS, sonicated for 30 min
and then subjected to five centrifugation—redispersion
cycles to remove any desorbed or weakly bound BSA.
Colloidal stabilities of the nanoparticles were then
assessed by DCP, DLS, and aqueous electrophoresis.
As shown in Figure 53, the peak maxima of the weight-
average diameter distribution curves remained at
143 nm (main peak) and 169 nm (minor peak)
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Figure 4. Evidence for the formation of a BSA coronal layer on the purified PVAm-stabilized PPy nanoparticles (NPs). (a)
Aqueous electrophoresis curves recorded for (i) PVAm-stabilized PPy nanoparticles (A), (ii) BSA (O), (iii) as-prepared PPy—BSA
core—shell nanoparticles obtained using 200 xg/mL PPy nanoparticles and 673 uM BSA (<), and (iv) purified PPy—BSA
core—shell nanoparticles (x) using 0.10 M PBS as background electrolyte. (b) Deconvoluted C1s core-line XPS spectra (with
assignments) recorded for (i) PVAm-stabilized PPy nanoparticles, (i) BSA, and (iii) purified PPy—BSA core—shell nanoparticles
obtained using 200 «g/mL PPy nanoparticles and 673 M BSA (after removal of excess BSA). Spectra were deconvoluted and
assigned according to literature protocols.”>?* N.B. The solid yellow lines represent best fits obtained after deconvolution.
(c) Assigned ATR-FTIR spectra recorded after lyophilization for (i) PVAm-stabilized PPy nanoparticles, (ii) BSA (predissolved in
0.10 M PBS), and (iii) PPy—BSA core—shell nanoparticles after removal of excess nonadsorbed BSA via centrifugation. Spectra
were assigned according to literature protocols.”>“® (e) UV—visible—NIR extinction spectra recorded for 50 #g/mL dispersions
of (i) PVAm-stabilized PPy nanoparticles (filled squares line) and (ii) purified BSA-PPy core—shell nanoparticles in 0.1 M PBS
(solid red line). The strong and broad absorption band extending from the visible to NIR region is characteristics of the
biopolaronic metallic state of doped polypyrrole.”® The inset shows the digital micrograph of both PPy nanoparticles
dispersions. The yellow highlighted region shows the NIR optical window for various potential biophotonic applications of

the BSA-PPy core—shell nanoparticles.

suggesting the BSA corona thickness remained un-
changed after the salt/surfactant challenges. The mean
weight-average diameters (D,,) increased from 155 to
195 nm and 207 nm for the core—shell nanoparticles
after salt and surfactant challenges due to inefficient
redispersion after centrifugal sedimentation. Similarly
in Figure 5b, the hydrodynamic particle diameter (D)
of the core—shell nanoparticles increased from 205 nm
to either 208 or 225 nm for the core—shell nanoparti-
cles after the salt or surfactant challenges, respectively.
The mean zeta potential of the core—shell nanoparti-
cles after salt/surfactant challenges remained at about
—9 mV (see Figure 5c), which suggests that the anionic
BSA corona remains intact at the surface of the
PVAm—PPy nanoparticles. These colloid stability stud-
ies indicate that the protein interacts strongly with
the hydrated PVAm stabilizer chains, unlike the weak
reversible protein adsorption previously observed for

AU AND ARMES

anionic polyelectrolyte-stabilized nanoparticles.®® This
suggests that the BSA has become cross-linked during
heterocoagulation indicating that the cross-linked pro-
tein coronas surrounding the PVAm-stabilized PPy
nanoparticles are highly robust and hence should
survive under the demanding in vivo conditions ob-
served in some previous studies.'

Thermodynamic Aspects of BSA Adsorption onto PPy Nano-
particles. The nanoparticle zeta potential (§), which is
calculated from its electrophoretic mobility («) using
the Smoluchowski equation (& = (7/¢éE)u, where 7 is the
solution viscosity, ¢ is the electrical permittivity of the
electrolyte, and E is the applied electric field), is very
sensitive to protein binding.* 9% The surface-
adsorbed protein changes the zeta potential by charge
compensating the cationic PVAm stabilizer chains and
also shifting the shear plane of the nanoparticle. Like
capillary electrophoresis,”®~'°® aqueous electrophoresis
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(i) PVAm-stabilized PPy NPs dispersed in H,O.

(ii) PVAm-stabilized PPy NPs dispersed in 0.1 M PBS.

(iif) PVAmM-stabilized PPy NPs dispersed in 1.0 M NacCl.

(iv) PPy-BSA core-shell NPs dispersed in 0.1 M PBS + 1.0 M NaCl.
(v) PVAm-stabilized PPy NPs dispersed in 0.1 M PBS + 0.5 M SDS.
(vi) PVAm-stabilized PPy NPs dispersed in H,0 + 0.5 M SDS.

(wii) PPy-BSA core-shell NPs dispersed in 0.1 M PBS + 0.5 M SDS.

Figure 5. Colloidal stability of purified PPy—BSA core—shell nanoparticles after salt/surfactant challenges. (a) DCP curves for
(i) the original purified PPy—BSA core—shell nanoparticles (black solid line), (ii) the same core—shell nanoparticles after an
NaCl challenge (green solid line), and (iii) the same core—shell nanoparticles after an SDS challenge (red solid line). The mean
D,, of the core—shell nanoparticles increased slightly after salt/surfactant challenges but the DCP modal diameters remained
at 143 and 169 nm, which suggests that the shell thickness of the core—shell nanoparticles remained unchanged. (b) DLS size
distributions and mean intensity-average diameters of (i) the original purified core—shell nanoparticles (black solid line), (ii)
the same core—shell nanoparticles after an NaCl challenge (green solid line), and (iii) the same core—shell nanoparticles after
an SDS challenge (red solid line) recorded at 25 °Ciin 0.10 M PBS. (c) Zeta potential () distributions and mean ¢ values for (i) the
original purified PPy—BSA core—shell nanoparticles (black solid line), (ii) the same core—shell nanoparticles after an NaCl
challenge (green solid line), and (iii) the same core—shell nanoparticles after an SDS challenge (red solid line) using 0.10 M PBS
(pH 7) as background electrolyte. (d) Digital micrograph recorded for 200 ug/mL PVAm-stabilized PPy nanoparticles
dispersed in either (i) HO, (ii) 0.10 M PBS, (iii) 1.0 M NaCl solution, or (v) 0.50 M SDS solution, and also 200 xg/mL purifed
PPy—BSA core—shell nanoparticles dispersed in 0.10 M PBS containing (iv) 1.0 M NaCl or (vii) 0.50 M SDS.

can be used to monitor protein—nanoparticle and
nanoparticle—cellular interactions by measuring the
change in electrophoretic mobility at equilibrium.®*~°>
To investigate the thermodynamics of BSA adsorption,
further aqueous electrophoresis studies were per-
formed on a series of PPy nanoparticle—BSA conjugates
prepared using 200 ug/mL (9.05 x 10'° particles per mL)
of PVAm-stabilized PPy nanoparticles and BSA concen-
trations ranging from 0 to 1198 uM. The apparent zeta
potential ({.pp) Of the BSA-coated PPy nanoparticles
depends on their fractional saturation surface coverage
by the BSA, such that:*®

k=0
Capp = Z fkék (3)

sat
where f is the fraction of protein-bound conjugates of
surface coverage k to reach its saturated surface cover-
age (e.g., k = 0.35 when the protein-coated nanoparti-
cles reach 35% of their saturated protein coverage) and

AU AND ARMES

Cc is the zeta potential of an individual protein—
nanoparticle conjugate with surface coverage k. As
shown in Figure 6a, the apparent zeta potential deter-
mined for the BSA-coated PPy nanoparticles is gradually
reduced at higher BSA concentrations, because the
adsorbed anionic BSA chains progressively neutralize
the cationic PVAm stabilizer layer on the surface of the
nanoparticles. The apparent zeta potential reaches a
plateau (&sa = —9.0 mV) when the BSA concentration is
1.5 uM, which corresponds to saturation adsorption. This
indicates that about 9980 BSA molecules are adsorbed
onto each nanoparticle. As shown in the Figure 6a inset,
the peak width of the zeta potential distribution for the
BSA-coated PPy nanoparticles increases at higher BSA
concentrations, until a plateau value is attained which
corresponds to saturation (full) coverage. Using the zeta
potentials obtained for PVAm-stabilized PPy nanoparti-
cles and BSA alone as references, the apparent zeta
potential was converted into a fractional saturation
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Figure 6. Thermodynamic aspects of BSA adsorption on the
PVAm-stabilized PPy nanoparticles. (a) Apparent zeta po-
tential ({,5p) Of core—shell PPy—BSA nanoparticles as a
function of equilibrium BSA concentration. The inset shows
representative zeta potential distribution curves recorded
for (i) PVAm-stabilized PPy nanoparticles and PPy nanoparticle—
BSA conjugates prepared using 200 xg/mL (9.05 x 10'°
particles per mL) PVAm-stabilized PPy nanoparticles and a
BSA concentration of (ii) 0.01 uM, (iii) 0.10 uM, (iv) 0.30 uM,
and (v) 40 M, and (vi) BSA alone in 0.10 M PBS background
electrolyte. The error bars represent the standard deviation
of each zeta potential measurement. (b) Saturated BSA
coverage (0) of the PVAm-stabilized PPy nanoparticles as
a function of the BSA equilibrium concentration (black data
points) and the best fit (red solid line) according to the Hill
equation (see eq 4).

protein coverage (6) using the following equation:*®

0 — éapp - gPPyNPs (4)
Csat - CPPyNPs
where (g is the zeta potential of the BSA-coated PPy
nanoparticles obtained in the presence of excess BSA
(Esat = —9.0 mV) and Zppy nps is the zeta potential of
PVAm-stabilized PPy nanoparticles (Cppy nps=+13.5mV).
The dependence of 6 on BSA concentration was
modeled using the Hill equation:”®8>86:98104-106

[BSA]nHiu

= K BSAT ®

where ny;, is the Hill coefficient, [BSA] is the equilibrium
BSA concentration, Ky is the microscopic dissociation
constant (here Ky is defined as 1/K,, where K, is the
microscopic association coefficient). As shown in
Figure 6b, BSA adsorption follows a Hill-type adsorp-
tion isotherm relatively well (R* = 0.98), yielding a
dissociation constant of Ky = 0.115 £ 0.005 uM (i.e.,
K,=8.70 & 0.38 x 10° M~ "). This relatively low K value

AU AND ARMES

suggests that BSA has a high binding affinity for the
PVAm-stabilized PPy nanoparticles, as expected given
the strong electrostatic interactions between anionic
BSA and the cationic nanoparticles. The Hill coefficient
(N = 1.355 4 0.078) obtained from the line of best fit
is above unity, which is characteristic of a cooperative
adsorption process.”®768>86.98

Mechanistic Insights for Serum Albumin Adsorption onto the
Poly(vinyl amine)-Stabilized PPy Nanoparticles. The mechan-
ism of serum albumin adsorption was further investi-
gated by monitoring the change in particle diameter of
the PVAm-stabilized PPy nanoparticles via DCP and
DLS after they were equilibrated with varying concen-
trations (1.54—1.23 mM) of BSA. Figures 7a,b show the
apparent mean weight-average diameter and intensity-
average diameter observed fora 200 ug/mL (9.05 x 10'°
particles per mL) dispersion of PVAm-stabilized PPy
nanoparticles after equilibration with BSA for 1 min.
Clearly, significant flocculation of the PVAm-stabilized
PPy nanoparticles occurs in the presence of very low
levels of BSA. For example, the apparent mean weight-
average diameter and intensity-average diameter in-
creased to 590 and 950 nm, respectively, when the
nanoparticles were exposed to 1.5 nM BSA (BSA/PPy
nanoparticle number ratio = 10), suggesting bridging
flocculation.’®” The anionic domains | and Ill of BSA (see
Figure 1 for the spatial location of these two domains)
act as a bridge, joining two cationic PVAm-stabilized PPy
nanoparticles together. FE SEM studies indicate the
formation of large floccs (see the weight-average dis-
tribution curves (i) and (i) in Figure 7¢, and micrograph
(i) in Figure 7d). Bridging flocculation has also been
observed during the formation of polystyrene-silica
core—shell nanoparticles via heteroflocculation in the
submonolayer silica coverage regime.'® As the BSA
concentration increases, there is a concomitant reduc-
tion in the mean weight-average diameter, intensity-
average diameter, and polydispersity. When the BSA
concentration is increased to 62 nM (BSA/PPy nanopar-
ticle number ratio = 412), the mean weight-average
diameter and intensity average diameter are reduced to
340 and 430 nm, respectively, and relatively narrow
particle size distributions are obtained by DCP (see curve
(iii), Figure 7¢), although most of the nanoparticles still
exist as floccs (see micrograph (ii) in Figure 7d). Like the
well-defined core—shell nanoparticles formed in the
presence of excess BSA, the modal diameters in the
weight-average distribution curve are at 143, 169, and
193 nm, which can be attributed to singlet, doublet, and
triplet core—shell nanoparticles respectively (see Re-
mark S2 in the Supporting Information for details). The
apparent PPy nanoparticle diameter is further reduced
when the equilibrium BSA concentration is increased to
1.5 uM (BSA/PPy nanoparticle number ratio = 9980),
suggesting saturated absorption. As indicated by DCP
and FE SEM (see micrograph (iii) in Figure 7d), the
majority of nanoparticles exist as well-defined core—shell
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Figure 7. (a) Apparent weight-average diameter (D,,) of PVAm-stabilized PPy nanoparticles before and after equilibration
with various concentrations of BSA, as judged by DCP. (b) Apparent hydrodynamic diameter (D) of PVAm-stabilized PPy
nanoparticles before and after equilibration with various BSA concentrations. The yellow region shown in both plots
represents the normal range expected for plasma serum albumin concentration. In both cases, a minimum particle diameter is
attained at 1.5 M BSA, which indicates saturated adsorption. Error bars indicate nanoparticle polydispersity, rather than
experimental uncertainty. (c) DCP weight-average diameter distribution curves obtained for PVAm-stabilized PPy nanopar-
ticles before and after equilibration with various concentrations of BSA. The inset cartoons depict the evolution of PVA-
stabilized PPy nanoparticles from floccs to well-defined BSA-coated PPy nanoparticles in the presence of BSA. (d) FE SEM
images recorded for as-prepared BSA-PPy conjugates after equilibration with (i) 1.5 nM BSA, (ii) 62 nM BSA, and (jii) 1.5 uM
BSA. Large floccs observed in images (i) and (ii), see red circles, are due to nanoparticle aggregation. [Note: (1) The PVAm-
stabilized PPy nanoparticle concentration was 200 ug/mL in all experiments. (2) All PVAm-stabilized PPy nanoparticles were
equilibrated with BSA in 0.10 M PBS by vortex mixing at 2000 rpm for 20 s prior to the DCP and DLS measurements.].

nanoparticles under these conditions. As expected, there
is little or no evidence for excess BSA in this FE SEM image,
which was recorded without purification of the nanopar-
ticles. The saturation BSA adsorption concentration in-
dicated by DCP and DLS studies is consistent with that
determined by aqueous electrophoresis. This suggests
that each well-defined core—shell nanoparticle contains
about 9980 BSA molecules. In addition, the number of
BSA molecules required to form a closely packed coronal
layer is calculated from the DCP and DLS data to be below

AU AND ARMES

the theoretical upper limit (Nay), thus demonstrating the
validity of eq 1 for predicting the precise conditions
required to form well-defined core—shell nanoparticles.

The conformation of adsorbed BSA in the purified
PPy—BSA core—shell nanoparticles was assessed using
far-UV circular dichroism (CD) spectroscopy.'®® Figure
8 shows CD spectra recorded for aqueous solutions/
dispersions containing 375 nM native BSA, 375 nM
thermally denatured BSA (prepared by heating BSA in
0.01 M HCl for 1 h),""*""" 50 ug/mL PVAm-stabilized
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Figure 8. BSA conformation before and after adsorption
onto PVAm-stabilized PPy nanoparticles. Circular dichroism
(CD) spectra recorded for (i) 375 nM BSA in 0.10 M PBS, (ii)
375 nM thermally denatured BSA in 0.01 M HCI, (iii) 50 mg/
mL PVAm-stabilized PPy nanoparticles, (iv) 50 mg/mL puri-
fied PPy—BSA core—shell nanoparticles dispersed in 0.10 M
PBS (prepared via heterocoagulation of 200 xg/mL PVAm-
stabilized PPy nanoparticles with 673 uM BSA in 0.10 M
PBS), and (v) 375 nM nonadsorbed BSA in 0.10 M PBS
(isolated from the purification of the PPy—BSA core—shell
nanoparticles). The purified PPy—BSA core—shell nanopar-
ticle dispersion and nonadsorbed BSA were diluted to the
desired concentration (confirmed by UV—visible absorption
spectroscopy) prior to the CD measurements. All CD spec-
troscopic measurements were performed at 37 °C using a
2 mm path length quartz curet.

PPy nanoparticles, 50 xg/mL purified PPy—BSA core—
shell nanoparticles (prepared by mixing 200 ug/mL
PVAm-stabilized PPy nanoparticles with 673 uM BSA),
and 375 nM nonadsorbed BSA isolated during the
purification of the PPy—BSA core—shell nanoparticles,
respectively. On the basis of the aforementioned aqu-
eous electrophoresis, DCP and DLS studies, the 50 ug/mL
purified PPy—BSA nanoparticles contain the same
number of BSA molecules as a 375 nM solution of
BSA alone. As shown in the CD spectra, the local elliptic
minimum for native BSA at 210 nm was blue-shifted to
206 nm after its adsorption onto the PVAm-stabilized
PPy nanoparticles. A second characteristic local elliptic
minimum for native BSA at 221 nm was no longer
observed after adsorption, suggesting that BSA be-
comes partially/fully unfolded at the nanoparticle
surface.''°~ "2 Quantitative analysis of the CD spectra
using the self-organization map circular dichroism
(SOMCD) protein secondary structure algorithm''
(see Table 1 for details) revealed that the o-helix
content of BSA is reduced from 79% to 64%, while
the random coil composition slightly increased from
initially around 15% up to 23% after adsorption onto
the nanoparticles (compared to 33% o-helix and 29%
random coil in the thermally denatured BSA), again
suggesting that the adsorbed BSA partially unfolds but
is not completely denatured. The conformation
change can be explained by a modest change in the
BSA conformation on adsorption in order to maximize
a favorable electrostatic interaction, since the nano-
particle curvature is relatively small compared with the
BSA dimensions. Similar partial unfolding of proteins
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TABLE 1. The Relative Percentage of Protein Secondary
Structures in Native BSA, Thermally-Denatured BSA, Purified
PPy—BSA Core—shell Nanoparticles and Nonadsorbed Excess
BSA Calculated from the Corresponding CD Spectra Using the
Self-Organization Map Circular Dichroism (SOMCD) Protein
Secondary Structure Algorithm

relative percentage of protein secondary

structure

Random

a-helix, % [-sheet, % S-turn, % coil, %’

native BSA 79.2 a 6.3 145
thermally denatured BSA 331 26.1 1.7 29.1
PPy—BSA core—shell nanoparticles ~ 63.5 8.2 55 28
nonadsorbed BSA 78.6 a 6.4 15.0

“Both native BSA and nonadsorbed BSA contain a negligible amount of the 5-sheet
conformation. ® Random coil % = 100% — ot-helix % — [3-sheet % — S-turn %.

has been observed when small, flexible cationic proteins
(e.g., chymotrypsin, ribonuclease) adsorb onto large anio-
nic nanoparticles (e.g., carboxylic acid-functionalized gold
nanoparticles or anionic silica sols).""*~""” In addition, the
SOMCD calculation revealed that adsorbed BSA comprises
around 8% f-sheet, whereas native BSA contains zero
B-sheet. This suggests local aggregation of the BSA,'"?
which may arise from the high local BSA concentration at
the nanoparticle surface facilitating intermolecular
thiol-disulfide interchange between the sulfhydryl
group on the free cysteine residue, Cys-34 (pKsy = 5),
near the N-terminus of the peptide chain in domain
| with the 17 disulfide bonds on adjacent adsorbed BSA
molecules.**#® Although the BSA molecules became
partially deformed on adsorption, CD studies confirmed
that the conformation of nonadsorbed BSA molecules
remained unchanged, suggesting that removal of any
nonadsorbed serum albumin molecules may be unne-
cessary for potential biomedical applications.

On the basis of the collective experimental evi-
dence and a serum albumin-poly(allylamine) surface
adsorption model proposed by Schaaf et al.,''® a serum
albumin heterocoagulation mechanism is proposed in
Figure 9. In physiological buffer (0.10 M PBS, pH 7.0),
the chemically grafted PVAm chains (pK, ~ 10)">7*
become highly protonated to form solvated cationic
loops.'"? At a very low BSA equilibrium concentration,
the anionic domains | and Ill of BSA (see Figure 1) have
a high binding affinity for the nanoparticles. Since BSA
has a heart-shaped tertiary structure, the two anionic
domains can bind to neighboring nanoparticles. When
such adsorption occurs, it leads to bridging floccula-
tion of the nanoparticles. At higher BSA concentra-
tions, the adsorbed BSA molecules charge compensate
the cationic PVAm stabilizer chains and form a well-
defined dense protein shell. The cooperative nature of
the adsorption mechanism is confirmed by aqueous
electrophoresis studies, since the Hill coefficient for
BSA adsorption exceeds unity (ny; > 1). Such adsorption
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Figure 9. Schematic illustration of the proposed mechanism for BSA adsorption onto PVAm-stabilized PPy nanoparticles. At
low BSA concentration, the anionic domains | and lll of BSA act as a bridge and allow the protein to adsorb onto neighboring
nanoparticles, which leads to flocculation. At higher BSA concentration, more protein molecules can enter the cationic PVAm
stabilizer layer and randomly adsorb onto the PPy nanoparticles. No further adsorption occurs when BSA completely covers
the nanoparticles. BSA molecules within the dense protein shell then undergo thiol-disulfide interchange, leading to
intermolecular cross-linking and the formation of a rigid serum albumin corona at the surface of the PPy nanoparticles. (Note:
Each BSA molecule has 35 cysteine residues.'>'” Under physiological conditions, 34 cysteine residues are in their dimerized
stable form (i.e., as 17 disulfide bonds)."”"” Approximately 99% of the single free cysteine residues, Cys-34 (pKsy = 5), are
deprotonated at physiological pH. At a sufficiently high local concentration, these deprotonated Cys-34 residues undergo a
rapid intermolecular thiol-disulfide interchange cross-linking reaction with the disulfide bridge of neighboring protein

molecules**%).

is both enthalpically driven (due to the favorable
electrostatics) and also entropically driven,'®' because
adsorption of a relatively large BSA molecule displaces
many surface-bound water molecules so there is an
overall increase in disorder. Higher BSA concentrations
also reduce the probability of bridging flocculation
because there is a greater likelihood that the nanopar-
ticles interact with free BSA molecules, rather than with
partially adsorbed BSA. As a result, the apparent mean
nanoparticle diameter is reduced. It is also important to
note that BSA adsorption should be self-limiting in the
presence of excess BSA, since it is constrained by the
thickness of the solvated PVAm stabilizer chains. This is
confirmed by the constant BSA shell thickness deter-
mined by DCP after PPy nanoparticles are mixed with
excess BSA (see curves (vi) and (vii) in Figure 7c). Finally,
the high local BSA concentration at the nanoparticle
surface facilitates thiol-disulfide exchange between ad-
jacent adsorbed BSA molecules and covalently stabilizes
the adsorbed protein layer, thus preventing its desorp-
tion either at high ionic strength or when subjected to a
surfactant challenge. Evidence for the cross-linking
mechanism between adsorbed BSA molecules is pro-
vided by the observation of 8% [3-sheet formation, as
indicated by CD spectroscopy. Other workers have
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inferred that significant structural order can arise at
submonolayer coverage on the basis of both experi-
mental data’®® and molecular modeling.'?' However,
for the specific case of BSA adsorption onto PVAmM-
stabilized PPy nanoparticles there seems to be no
evidence for such behavior.

CONCLUSIONS

In summary, a standard plasma concentration of
serum albumin (634 uM) is sufficient to allow the
efficient preparation of serum albumin-coated poly-
pyrrole nanoparticles in the theranostic concentration
regime (below 1000 ug/mL) via heterocoagulation.
Time-dependent DLS and DCP studies indicate the
formation of an adsorbed serum albumin coronal layer
of around 10 nm immediately after vortex mixing,
confirming rapid protein adsorption onto cationic
polyamine-stabilized nanoparticles. In addition, these
as-fabricated core—shell nanoparticles exhibit excel-
lent colloidal stability under both ambient and physio-
logical conditions (37 °C, 0.1 M PBS, pH 7) over time
scales of weeks. Unlike previous reports,2'2> =8 there is
no evidence for protein desorption or nanoparticle
aggregation under extreme conditions (e.g., at high
salt content or in the presence of surfactant). This is
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attributed to intermolecular cross-linking between
adsorbed adjacent protein molecules via thiol-
disulfide exchange. Aqueous electrophoresis studies
of serum albumin-coated PPy nanoparticles conju-
gates confirms that protein absorption is co-operative
(Hill coefficient, ny;, > 1) with a submicromolar binding
affinity (association constant, K, =8.7 £ 0.4 x 10°M ™).
Further mechanistic studies indicate that PVAm-
stabilized nanoparticles undergo bridging at the subsa-
turated coverage regime, where the two anionic serum
albumin domains act as a bridge joining the nanopar-
ticles together. However, the upper limit of serum
albumin required to form well-defined core—shell nano-
particles can be calculated from theory. Moreover,

MATERIALS AND METHODS

Chemicals and Materials. High molecular weight linear PVAm
(Lupamin 9095, MW = 340000, degree of hydrolysis = 90%,
obtained from a poly(N-vinyl formamide) precursor)'?%'23
donated by BASF (Ludwigshafen, Germany) as a concentrated
aqueous solution. The solids content of this solution was
determined using a moisture analyzer balance (Ohaus MB45),
and the degree of hydrolysis was quantified by 'H NMR
spectroscopy prior to functionalization using 2-thiophenecar-
boxaldehyde (see Supporting Figure S10). Pyrrole (>98%) was
purchased from Aldrich and purified by column chromatogra-
phy (activated basic alumina stationary phase) and stored
at —20 °Cin the dark before use. Iron(lll) trichloride hexahydrate
(ACS reagent, 98.0—102%), 2-thiophenecarboxaldehyde (98%),
and bovine serum albumin (BioXtra) were purchased from
Aldrich and used without further purification. Sodium dodecyl
sulfate (SDS) was purchased from VWR International Ltd.,
AmberlitelRA400 (hydroxide form anion exchange resin) was
purchased from Aldrich and was eluted with copious amounts
of doubly deionized water before use. Methanol and sodium
borohydride (reagent grade) were obtained from Fisher Scien-
tific. Dialysis membrane (MWCO =~ 1000 Da) was purchased from
Spectrum. Phosphate-buffered saline (PBS) tablets were pur-
chased from Oxoid Ltd. (U.K.). Each 0.10 M PBS solution contains
137 mM sodium chloride (NaCl), 2.7 mM potassium chloride (KCI),
10 mM disodium phosphate (Na,HPO,), and 1.76 mM potassium
dihydrogen phosphate (KH,PO,). Thus the ionic strength of
0.10 M PBS is equivalent to the ionic strength of 0.153 M NaCl.

Functionalization of Poly(vinyl amine) with 2-Thiophenecarboxalde-
hyde. 2-Thiophene-functionalized PVAm was synthesized by
the one-pot reductive amination from commercially available
PVAmM (Lupamin9095).1°5The N-vinylformamide unit (due to
incomplete hydrolysis of poly(N-vinyl formamide))'®'%* was
also reduced using excess NaBH, to form N-vinylmethyl amine
during reductive amination (Scheme 2).106 Approximately
81 mol % of the repeat units in the functionalized PVAm chains
comprise primary amines, with the remaining 19 mol % being
secondary amines. Briefly, PVAm solution (20.00 g, solids con-
tent =28.50%, 27.50 mmol primary amine) was diluted with H,O
(60 mL) in a 250 mL round-bottomed flask equipped with a
magnetic stirrer. The pH of the solution was adjusted to pH 10.0
by 1.5 M NaOH. After the solution was stirred at 20 °C for 30 min,
2-thiophenecarboxaldehyde (308 mg, 2.75 mmol) in methanol
(10 mL) was added to the PVAm solution and stirred at 20 °C for
4 h. Excess sodium borohydride (1.50 g, 0.48 mol) was added
to the reaction mixture slowly and stirred at 20 °C for 18 h to
reduce the imine intermediate. HCI (1.5 M, 15 mL) was added
dropwise to the reaction mixture to quench the unreacted
sodium borohydride. The functionalized PVAm was purified by
equilibrium dialysis against deionized water for 1 week
(15 cycles). The copolymer was further purified to remove
sodium formate, which is the major impurity in the commercially
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circular dichroism studies provide direct evidence for
covalent stabilization of the adsorbed BSA molecules via
thiol-disulfide exchange, which is consistent with the
excellent long-term colloidal stability exhibited by these
core—shell nanoparticles. The heterocoagulation tech-
nique reported herein is expected to be of generic utility
for the facile preparation of serum albumin-coated
nanoparticles for various biomedical applications, such
as medical imaging, photothermal therapy, and drug
delivery. In principle, this approach also provides
opportunities for the fabrication of other protein—
nanoparticle conjugates, such as antigen-coated nano-
particles for point-of-care in vitro immunodiagnostic
assays.

available Lupamin9095, by passing through an anion exchange
column (AmberlitelRA400, hydroxide form anion exchange resin)
before being freeze-dried from water overnight. "H NMR (400
MHz, D,0, 25 °C) 6:7.40 (s), 6.95 (s), 4.00 (s), 3.20 (s), 3.00 (s), 1.65 (s)
(see Supporting Figure S10). IR (ATR, cm™"): 3126, 3268 (broad,
N—H stretching), 3166 (weak, =C—H stretching), 2850 (strong,
—C—H stretching), 1589 (very broad, N—H stretching and C=C
stretching), 1437 (C—H stretching), and 1375 (C—H stretching
from CHs). Elemental analysis calcd. C: 56.63, H: 10.58, N: 26.37, S:
5.42. Found: C, 54.35; H, 9.41; N, 29.85; S, 4.51%.

Synthesis of Poly(vinyl amine)-Stabilized Polypyrrole Nanoparticles.
PVAm-stabilized PPy nanoparticles were prepared via aqueous
dispersion polymerization, as previously reported (Scheme 3).>>
Briefly, 2-thiophene-functionalized PVAm (0.50 g) and iron(lll)
trichloride hexahydrate (9.10 g, 33.7 mmol) were separately
dissolved in 80 and 20 mL of deionized water, respectively. The
iron(lll) trichloride solution and pyrrole (1.00 mL, 14.4 mmol)
were added to the stirred copolymer stabilizer solution. Poly-
merization was allowed to proceed at 20 °C for 18 h. The resulting
black dispersion was first filtered through prewashed glass wool
under gravity, before being centrifuged at 15000 rpm for 2 h and
the resulting black sediment was redispersed in deionized water
with the aid of ultrasonication for 1 to 2 h. This centrifugation—
redispersion cycle was repeated eight times. Purified polypyrrole
nanoparticles were filtered through prewashed glass wool to
remove any aggregated particles before further studies. The solids
content of the PPy nanoparticles was assessed using a moisture
analyzer. Bulk density (measured by helium pycnometry):
14459 cm~3 at 20 °C. Elemental analysis, found: C = 55.22%; H =
3.89%; N = 16.41%; Cl = 10.31%; S = 0.50%. In a control experiment,
the attempted synthesis of PVAm-stabilized PPy nanoapticles using
nonthiophene-functionalized PVAm (at 5.0 wt/v % concentration)
was unsuccessful, since a macroscopic PPy bulk powder precipitate
was formed within 10 min of the polymerization.

Synthesis of PPy Bulk Powder'2%. Iron(lll) trichloride hexahy-
drate (9.10 g, 33.7 mmol) was dissolved in deionized water
(100 mL) in a 125 mL sealed container with constant stirring.
After 30 min, pyrrole (1.00 mL, 14.4 mmol) was added to this iron
chloride solution via syringe. Polymerization was allowed to
proceed for 24 h at 20 °C. The resulting PPy bulk powder was
purified by washing with copious amounts of deionized water in
a filter funnel and dried at 50 °C for 24 h before further studies.
Bulk density (measured by helium pycnometry): 1.510 g cm ™3 at
20 °C. Elemental analysis, found: C = 55.09%; H = 3.16%; N =
16.30%, Cl = 10.68%.

Fabrication of PPy—BSA Core—Shell Nanoparticles by Heterocoagula-
tion. PPy—BSA core—shell nanoparticles were fabricated by
vortex-mixing 634 uM BSA in 0.10 M PBS (pH 7) with 50 to
1,000 ug/mL of PVAm-stabilized PPy nanoparticles at 2000 rpm
for 20 s. In selected samples, excess BSA molecules were removed
by five centrifugation (10000 rpm/25 min)—redispersion cycles
prior to further studies.
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Scheme 2. Functionalization of the pendent amine groups on PVAm with 2-thiophenecarboxaldehyde via reductive amination.

H,0
+ 7FeCl, + 6HCI

20°C,18h

Scheme 3. Synthesis of PVAm-stabilized PPy nanoparticles via aqueous dispersion polymerization of pyrrole using iron(lll)
trichloride oxidant in combination with 2-thiophene-functionalized PVAm as a reactive steric stabilizer.

Characterization. 'H NMR Spectroscopy. All 'TH NMR spectra
were recorded in D,0 or CD30D using a Bruker Avance 400 MHz
NMR spectrometer operated at 25 °C using solvent residual
peak(s) as internal reference. NMR spectra were processed using
MestReNova (version 7.10, MestreLab Research S.L.).

FT-IR Spectroscopy. PVAm-stabilized PPy nanoparticles, BSA
solution (in 0.10 M PBS), and purified PPy—BSA core—shell NPs
were each freeze-dried overnight prior to analysis. Analyses
were conducted using a Nicolet iS10 FT-IR spectrometer
equipped with an attenuated total reflectance (ATR) accessory.
The spectral resolution was 4 cm™' and 128 scans were
averaged per spectrum.

UV—Visible-NIR Spectroscopy. UV—visible—NIR extinction
spectra of different polypyrrole nanoparticles dispersion were
recorded using a double-beam Perkin-Elmer Lambda 900
UV—vis—NIR spectrometer at 20 °C using either deionized
water or 0.1 M PBS as reference.

Dynamic Light Scattering (DLS). Dynamic light scattering
studies were conducted at 37, 25, or 2 °C using a Malvern
Zetasizer Nano ZS instrument equipped with a 4 mW He—Ne
solid-state laser operating at 633 nm. Backscattered light was
detected at 173° and the intensity-average hydrodynamic
diameter (Dy,) was calculated over 15 runs (each of 15 s duration)
from the quadratic fitting of the correlation function using the
Stokes—Einstein equation. All measurements were performed
in triplicate.

Aqueous Electrophoresis. These measurements were con-
ducted using the same Malvern Zetasizer Nano ZS instrument
described above using slow field reversal (SFR) and fast
field reversal (FFR) phase analysis light scattering (M3-PALS)
technique with either 1 to 200 mM NaCl or 0.10 M PBS as
background electrolyte. Zeta potentials were calculated from
electrophoretic mobilities using the Smoluchowski relationship.
The solution pH was adjusted manually by the addition of either
dilute HCl or NaOH solution. The zeta potential of PPy bulk
powder was measured using the protocol reported in reference
75. All measurements were performed in triplicate.

All light scattering data (dynamic light scattering and aqu-
eous electrophoresis) were processed using Malvern Zetasizer
Software version 6.20. The viscosity and dielectric constant of
0.1 M PBS, and different concentrations of NaCl solutions were
either provided by Malvern Ltd. (UK) or calculated using
Malvern Zetasizer Software version 6.20.

Disk Centrifuge Photosedimentometry (DCP). DCP analyses
were conducted using a CPS Instruments Ltd. Disk centrifuge
model 24000. Particle densities were determined by helium
pycnometry prior to DCP analysis. A density gradient was
constructed from 24% to 8% sucrose solutions.®” A 263 nm
poly(vinyl chloride) latex provided by the instrument manufac-
turer was used as a calibration standard prior to the analysis of
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each sample. Typical running times were between 10 and
15 min at a centrifugation rate of 20000 rpm. The sucrose
gradient was changed after characterizing each protein-nano-
particle conjugate to prevent excess serum albumin from
interfering with subsequent studies.?®% All data were pro-
cessed using the CPS Disk Centrifuge Control System (version
9.5, CPS Instruments Ltd.).

Field Emission Scanning Electron Microscopy (FE SEM). FE
SEM samples were prepared by drying a droplet (10 ul) of
highly dilute aqueous polypyrrole dispersion directly onto an
aluminum stub (Agar Scientific). Analyses were conducted
using a FEl Inspect field emission microscope operating at 5
to 7 kV. Because of the high electrical conductivity of poly-
pyrrole, all FE SEM samples could be imaged directly without
recourse to gold sputtering. Mean particle diameters were
determined using ImageJ (version 1.42q, National Institute of
Health, USA).

Transmission Electron Microscopy (TEM). Samples were pre-
pared by drying an aqueous droplet (5 ulL) of a highly dilute
polypyrrole dispersion onto a carbon-coated grid (from Agar
Scientific) and air-dried overnight before analysis using a Philips
CM100 electron microscope operating at 100 kV.

X-ray Photoelectron Spectroscopy (XPS). With the exception
of PPy bulk powder, all samples were prepared by drying a 200 uL
aqueous droplet onto a silicon wafer at room temperature.
PPy bulk powder was prepared for XPS analysis by mounting
the dry powder onto a double-sided carbon adhesive tape;
excess powder was shaken off prior to analysis. XPS analysis was
conducted using a Kratos Axis Ultra DLD X-ray photoelectron
spectrometer equipped with a monochromatic Al X-ray source
operating at 6 mA and 15 kV at a base pressure of less than 1078
Torr. The step size was 0.5 eV for the survey spectra (pass energy =
160 eV) and 0.05 eV for high resolution core-line spectra (pass
energy = 80 eV). Typical acquisition times were 20 min for each
survey spectrum and 30 min for each high resolution core-line
spectrum. XPS spectra were processed using CasaXPS software
pack (version 2.3.15).

Elemental Microanalysis. Polypyrrole samples were freeze-
dried before elemental microanalysis. Elemental microanalyses
were conducted in the Microanalysis Laboratory in the School of
Chemistry at The University of Manchester (UK). Carbon, hydrogen,
nitrogen, and sulfur contents were determined using a Carlo Erba
EA1108 2400 elemental analyzer. Chlorine contents were deter-
mined separately using a Metrohm potentiometric autotitrator.

Helium Pycnometry. Polypyrrole nanoparticles were freeze-
dried from aqueous solution prior to solid-state density mea-
surements using a Micrometric Accu Pyc 1330 helium pyc-
nometer conducted at 25 °C.

Solids Content Measurement. The solids content of
purified aqueous dispersions of polypyrrole nanoparticles was
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determined by gravimetry using an Ohaus MB45 Moisture
Analyzer balance. All measurements were performed in
triplicate.

Circular Dichroism (CD) Spectroscopy. CD spectra were re-
corded using a JASCO J-810 circular dichroism spectropolar-
imeter equipped with a Peltier temperature controller. All
spectropolarimetric measurements were performed at 37 °C
using a 2 mm path length quartz microcuvette (Suprasil,
Hellma). Spectra were recorded at a scan rate of 15 nm per
min using a 4 s response time and a bandwidth of 1 nm.
Thermally denatured BSA was prepared by heating 375 nM
BSA in 0.01 M HCl solution at 90 °C for 1 h. The CD spectrum of
the denatured BSA was recorded within 2 h of its preparation.
The concentrations of the diluted purified PPy—BSA core—shell
nanoparticles (prepared using 200 mg/mL of PVAm-stabilized
PPy nanoparticles and 673 uM BSA) and nonadsorbed BSA
(isolated from the first centrifugation cycle) were spectroscopi-
cally quantified via a conventional UV—visible spectropho-
tometer (Perkin-Elmer Lambda 25 UV—visible spectrometer)
prior to the CD measurements. The a-helix, 5-sheet, S-turn, and
random coil contents of each sample were calculated from the
corresponding CD spectra (between 200 and 240 nm) using
Kohonen's self-organizing map circular dichroism (SMOCD)
protein secondary structure algorithm."'

Electrostatic Potential Distribution Calculation. The water-
accessible space-filling model and Poisson—Boltzmann ele-
ctrostatics (charge distribution) was calculated for human
serum albumin crystallized from poly(ethylene glycol) 4000
(Protein Data Bank code: 1A06)'”® using PDB2PQR software
package.127‘128

Salt/Surfactant Challenge. The colloidal stability of purified
PPy—BSA core—shell nanoparticles dispersed in 0.1 M PBS was
assessed by means of either a salt or a surfactant challenge.
Briefly, NaCl (74.1. mg, 127 mmol) or SDS (216 mg, 0.75 mmol)
were added to 1.50 mL of 200 ug/mL purified PPy—BSA core—
shell nanoparticles to achieve final concentrations of 1.0 M NaCl
or 0.50 M SDS. These salt/nanoparticle or surfactant/nanoparticle
mixtures were immersed in an ultrasonic bath for 0.50 h prior
to removal of any dissociated BSA via five centrifugation—
redispersion cycles. The purified BSA-PPy core—shell nano-
particles were then characterized by DLS and aqueous
electrophoresis.

Conflict of Interest: The authors declare no competing
financial interest.

Supporting Information Available: Calculation of theoretical
protein coverage; disk centrifuge photosedimetometry (DCP)
analysis of BSA-coated core—shell nanoparticles. This material is
available free of charge via the Internet at http://pubs.acs.org.
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