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Abstract
Butyrylcholinesterase (BChE) is an efficient bioscavenger of highly toxic organophosphorus
poisons and nerve agents. However, BChE administered into the periphery does not provide
significant protection of the central nervous system (CNS) due to rejection by the blood brain
barrier. In this study, we evaluated the feasibility of delivering BChE to the CNS by packing it
into a block ionomer complex of nanoscale size with a cationic poly(L-lysine)-graft-poly(ethylene
oxide) (PLL-g-PEO) copolymer. The multimolecular structure of BChE/PLL-g-PEO complexes
was further reinforced by formation of cross-links between the polymer chains. The resulting
cross-linked complexes were stable against dilution without significant loss of BChE enzymatic
activity. In some cases the BChE was labeled with fluorescent IRDye 800CW before it was
incorporated into nanoparticles. BChE/PLL-g-PEO complexes were injected into mice
intramuscularly and intravenously. In vivo imaging showed incorporation of the fluorescently
labeled BChE in brain. Activity assays showed that BChE remained active in the brain at 72 hour
post injection. It was concluded that nanocomplexes can deliver the 340 kDa BChE tetramer to the
brain.
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1. Introduction
Butyrylcholinesterase (BChE, EC 3.1.1.8) is of growing interest in recent years [1–6]. The
ability to act as a bioscavenger for various nerve agents and organophosphates (OP) before
they reach their synaptic targets makes BChE a prospective detoxifying antidote. However,
since BChE does not cross the blood-brain barrier (BBB) when delivered via intramuscular
(IM), intravenous (IV), subcutaneous, or intraperitoneal routes [7], effective protection of
the CNS from OP toxicity by this enzyme is limited. Recently, in vivo imaging of mice
demonstrated that BChE can be effectively delivered to brain and spinal cord only by
intrathecal injection [8].
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In the present studies, polyion complexation was used as a platform for the development of a
polymer carrier for the enhanced delivery of BChE to the brain. The nanofabrication of such
carriers is achieved by reacting a protein with oppositely charged block ionomer containing
ionic and nonionic blocks, and spontaneous formation of stable aqueous dispersion of block
ionomer complexes of nanoscale size [9]. The resulting nanoparticles contain a core of
protein-polyion complex surrounded by a shell of water soluble nonionic polymer such as
poly(ethylene oxide) (PEO, same as poly(ethylene glycol) or PEG). A similar strategy
successfully delivered oligonucleotides across the BBB [10]. This is the first report to use a
nanocarrier to deliver BChE across the BBB.

2. Experimental
2.1. Materials

Lyophilized horse BChE (C-1057) (hrBChE) and all reagents used in BChE activity assays
were purchased from Sigma (St. Louis, MO). Native human BChE (huBChE) was provided
by InfoSciTex Corp. IRDye 800CW protein labeling kit (928-3840) was purchased from LI-
COR (Lincoln, NE). PLL-g-PEO was synthesized from poly(L-lysine) hydrobromide (PLL,
molecular weight 15–30 kDa, Sigma) and mPEG-succinimidyl propionate (molecular
weight 5 kDa, Nektar Corp.). From 1H NMR spectra of the synthesized PLL-g-PEO, the
number of PEO chains grafted onto a PLL backbone was calculated to be 1.6. The huBChE
was labeled using IRDye 800CW Protein labeling kit as described previously [7]. The
labeled protein (huBChE*) bound 2.3 dye molecules per HuBChE* tetramer and lost 80% of
its initial activity.

2.2 Preparation of BChE/PLL-g-PEO block ionomer complexes
The complexes were prepared by a simple mixing of buffered solutions (phosphate buffer,
10 mM, pH 7.4) of the protein and copolymer at various compositions of mixtures. The
composition of the mixtures (Z+/−) was calculated as a ratio of concentration of amino
groups in PLL-g-PEO copolymer to the total concentration of carboxylic groups in BChE
(Glu, Asp, and sialic acid residues). As example, the BChE/PLL-g-PEO mixture at Z+/− = 2
was prepared by mixing 50 uL BChE (0.45 mg/ml) and 100 uL of PLL-g-PEO (0.35 mg/
ml). Cross-linking of BChE/PLL-g-PEO complexes was carried out in phosphate buffer
using glutaraldehyde (GA). Targeted cross-linking ratios were calculated as the molar ratio
of aldehyde groups to Lys residues in solution and expressed in %. The mixtures were kept
for 5 hours at room temperature to insure completion of the cross-linking reaction. The
formation of BChE/PLL-g-PEO complexes was evaluated by nondenaturating
polyacrylamide gel electrophoresis followed by Coomassie blue staining or by staining for
BChE activity [11]. Size and size distribution of BChE/PLL-g-PEO complexes was
determined by dynamic light scattering using Nano ZS Zetasizer (Malvern Instruments, UK)
at a fixed 173° scattering angle.

2.3 In vivo imaging of live mice and fluorescence in frozen brain sections
Animal work was conducted in accordance with national animal welfare guidelines and
approved by the Institutional Animal Care and Use Committee at UNMC. Wild type and
butyrylcholinesterase nullizygous (BChE −/−) mice used in this study were bred at UNMC
[12]. Mice were fed a special chlorophyll-free diet (Harlan Teklad, TD94048) for 7 days
before the start of imaging and for the duration of the imaging experiments because the diet
reduced background fluorescence. Imaging of the animals injected with the complexes
containing huBChE* was performed using a Pearl ™ Imager (LI-COR Biosciences)
according to our previously reported protocol [8]. Images were analyzed using Pearl Cam
Software provided by LI-COR. Mice euthanized by CO2 asphyxiation, were thoroughly
perfused intracardially with 75 ml of phosphate buffered saline before major organs were
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collected. Frozen brain sections were prepared as described in [8] and examined using a
Zeiss 510 Meta confocal laser scanning microscope at 680 nm. Regions from each section
were photographed under constant acquisition conditions.

2.4 BChE activity in brain homogenate
Brain tissues were homogenized in 10 volumes of buffer (50mM potassium phosphate, pH
7.4, 0.5% Tween 20) and centrifuged. The supernatant was assessed by electrophoresis on
non-denaturing 4–30% polyacrylamide gels stained for BChE activity with
butyrylthiocholine (BTC) and by activity assay using BTC as the substrate. [11].

3. Results and Discussion
3.1 BChE/PLL-g-PEO block ionomer complexes

BChE has an isoelectric point of 4.2–4.9 (the exact value depends on the source of enzyme)
and thus, at physiological conditions, has a net negative charge. Simple mixing of BChE
with cationic copolymer PLL-g-PEO (pKa of amino groups in the PLL segment is 10.8)
resulted in spontaneous formation of block ionomer complexes. The formation of huBChE/
PLL-g-PEO complexes was confirmed by gel electrophoresis (Fig. 1A). The band intensity
of free huBChE significantly decreased as the amount of the copolymer in the mixture was
increased. Retardation of protein migration was observed at the composition of huBChE/
PLL-g-PEO mixtures close to Z+/− = 2. This suggested that huBChE/PLL-g-PEO complexes
formed and were unable to enter the gel. Dynamic light scattering measurements for the
huBChE/PLL-g-PEO mixtures (Z+/− = 2) revealed the formation of particles with diameters
of ca. 15 nm that had spherical morphology as was confirmed by atomic force microscopy
imaging (data not shown). The multimolecular structure of huBChE/PLL-g-PEO complexes
was further stabilized by formation of cross-links between the copolymer chains using GA
as cross-linker. As seen in Fig. 1B, at 40% of targeted cross-linking ratio huBChE/PLL-g-
PEO complexes were stable against dilution while retaining up to 80% of initial enzymatic
activity of free huBChE. Similar procedures were employed to prepare hrBChE/PLL-g-PEO
complexes and the complete incorporation of hrBChE into the complex was achieved at
higher excess of the cationic copolymer, at Z+/− = 7 (data not shown). There is 89%
homology between human and horse BChE that may account for difference in charge
density and thus in protein binding to cationic copolymer.

3.2 In vivo imaging
The in vivo migration and localization of fluorescently labeled huBChE* delivered by means
of polymer complexes was evaluated in BChE−/− mice using optical imaging (Fig. 2).
Fluorescence signal corresponding to huBChE* was detected in the brains of the animals 2h
post IM (Fig. 2B) or IV (Fig. 2D) injections of cross-linked huBChE*/PLL-g-PEO
complexes and remained elevated up to 72 h post-dosing. An intense fluorescent signal was
observed in brains excised from the animals treated with huBChE*/PLL-g-PEO complexes
(Fig. 2F and G). This is in contrast to the remarkably lower signal that was observed in the
brain of the animal at 24 h after injection of an equivalent dose of free huBChE* (Fig. 2E).
These results were confirmed by confocal scanning microscopy of brain sections prepared
from treated and untreated mice. As seen in Fig. 3C considerably higher fluorescence signal
corresponding to huBChE* was clearly detected in the brain striatum of the animals treated
with cross-linked huBChE*/PLL-g-PEO complexes. Very low signal comparable to the
background was observed in the sections from free huBChE* treated mice (Fig. 3A, B).
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3.3 BChE activity in the brain
BChE−/− mice were treated in one experiment with non cross-linked hrBChE/PLL-g-PEO
complexes or free BChE via IM injection. In a second experiment wild type mice were
treated with similar complexes via IV injection. Mice were sacrificed 23 h post treatment;
thoroughly perfused brains were collected and homogenized. Brain supernatants were
electrophoresed on native gels and stained for BChE activity. An increased BChE activity in
the brains of BChE−/− mice 23 h post IM injection with hrBChE/PLL-g-PEO complex
(lanes 3, 4, and 5) was detected compared to activity in the brains of mice treated IM with an
equivalent dose of free hrBChE (lanes 1 and 2) (Fig. 4A). BChE levels in the brain
homogenates of mice treated IM with free hrBChE were an average of 0.04±0.01 units/mg
while mice treated with the complexes had average 0.1±0.07 units/mg. Similarly, higher
level of BChE activity was found in the brains of mice treated IV with hrBChE/PLL-g-PEO
complexes (lanes 1, 2 and 3) compared to endogenous BChE levels in the brain of a wild
type mouse (lane 4) (Fig. 4B). Activity assays show that the endogenous levels of BChE in
the wild type brain was 0.16 units/mg. Mice treated via IV injection with hrBChE/PLL-g-
PEO complexes showed average levels of 0.27±0.1 units/mg in brain homogenates.

Overall, these studies provide initial evidence that BChE administered in block ionomer
complexes via IM or IV injections exhibited increased brain accumulation compared to
BChE alone. The prolonged activity and retention of enzyme delivered to the CNS might
facilitate an extended protection from OP exposure. However, it is unclear whether BChE
was able to cross the BBB. Although saline perfusion of the mice was performed to ensure
that none of the BChE brain activity could be attributed to enzyme present in the
vasculature, we cannot exclude the possibility that BChE/PLL-g-PEO complex was trapped
by the capillaries and was not able to enter the brain parenchymal space. BChE/PLL-g-PEO
complex within the capillaries may provide protection to the brain against OP exposure yet
our intent is to deliver the enzyme to the parenchyma, Therefore, a capillary depletion
method [13] will be implemented in our future studies to assess this possibility and
determine the portion of the injected dose that actually crosses the BBB and enters the brain
following peripheral administration.
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Figure 1.
Gel analysis of (A) free huBChE and huBChE/PLL-g-PEO complexes: (1) free huBChE; (2)
Z+/−= 0.94; (3) Z+/−= 1.85: (4) Z+/−= 2.79. (30μg HuBChE/well) The gel was stained with
Coomassie blue. (B) free huBChE, and huBChE/PLL-g-PEO complexes, Z+/−= 2.0, (0.06
μg/well of huBChE): (1) free huBChE; (2) non cross-linked; and cross-linked at (3) 10%; (4)
20%: (5) 40% degree of cross-linking. The gel was stained for BChE activity.
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Figure 2.
Images of BChE−/− mice injected IM or IV with cross-linked huBChE*/PLL-g-PEO
complexes, Z+/− = 2, 40% degree of cross-linking. The fluorescence was from BChE labeled
with IRDye 800CW. A) Pre-dosing and B) 2 hours post IM injection; C) Pre-dosing and D)
2 hours post IV injection into the tail vein. Images of the brain tissues at 24 h after E) IM
treatment with huBChE*/PLL-g-PEO complexes; F) IV treatment with huBChE*/PLL-g-
PEO complexes; G) IM treatment with free huBChE*.
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Figure 3.
Confocal Images of brain striatum from BChE −/− mice: (A) untreated; (B) treated with free
huBChE* via IM injection; (C) treated with cross-linked huBChE*/PLL-g-PEO complex
(Z+/−=2) via IM injection. Bar is equal to 100 μm.
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Figure 4.
BChE activity in mouse brain supernatants: (A) at 23h post IM injection of free hrBChE into
BChE−/− mice (1, 2); hrBChE/PLL-g-PEO complex, Z+/−=7 (3–5); (B) at 23h post IV
injection of hrBChE/PLL-g-PEO complex, Z+/−=7 into wild-type mice (1–3); and control
wild type mouse brain (4). Human plasma (lane marked HS) was used as a control with T
representing the tetramer, D the dimer, and M the monomer forms of BChE.
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