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Purpose. The purpose of these studies was to prepare nanoparticles (NPs) with a small amount of

surface-chelated nickel for obtaining enhanced binding of histidine-tagged (his-tag) proteins compared

to non-histidine-tagged protein binding to charged nanoparticles.

Materials and Methods. NPs were prepared from oil-in-water microemulsion precursors using

emulsifying wax, 3 mM Brij 78 and 0.1 mM DOGSYNTAYNi lipid (referred to as Ni-NPs). The amount

of lipid entrapped in the NPs was quantitated by atomic emission spectroscopy (AES). The Ni-NPs were

investigated for binding to two his-tag proteins, green fluorescent protein (GFP) and his-tag HIV-1 Gag

p24. In vivo studies in mice were carried out to evaluate the immune responses obtained to his-tag Gag

p24 bound to Ni-NPs.

Results. AES studies demonstrated that approximately 5% of the DOGSYNTAYNi lipid used was

entrapped in the NPs. The optimal binding ratio his-tag GFP and his-tag Gag p24 to Ni-NPs was found

to be 1:33.7 and 1:35.4 w/w, respectively. This interaction was stable at 37-C in PBS, pH 7.4 over 4 h and

the interaction of his-tag GFP with the Ni-NPs was enhanced compared to control NPs prepared with no

Ni on the surface (NTA-NPs). The in vivo studies demonstrated enhanced serum IgG and IgG2a

responses to his-tag Gag p24 bound to Ni-NPs compared to protein adjuvanted with Alum or adsorbed

on the surface of control NTA-NPs.

Conclusions. Ni-NPs can be used to bind strongly to his-tag proteins. This system was demonstrated to

have potential applications in vaccine delivery for enhancing immune responses to protein-based

vaccines.
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INTRODUCTION

The need for improved adjuvants for enhancing immune
responses to protein-based vaccines is widely recognized
(1Y3). Presently, Alum continues to be the only approved
adjuvant for routine human vaccination in the US (1).
However, there has been considerable interest in the de-
velopment of particulate delivery systems for enhancing
immune responses with protein-based vaccines over the past
few years (4Y6). Particulate delivery systems are attractive as
they offer numerous advantages such as the ability to
(1) control the release of the antigen (7,8), (2) target the
delivery of antigen to antigen presenting cells (APCs) (9,10),
and (3) incorporate immunostimulatory adjuvants for syner-
gistic enhancements in immune responses (11,12). Moreover,
particulate delivery systems are of similar sizes as naturally
occurring pathogens and considered to be rapidly taken up

by APCs, leading to increased accumulation of the associated
protein inside the cell (13).

Particulate delivery systems for protein-based vaccine
applications have most often utilized entrapment of the
antigen within the particle for obtaining enhanced immune
responses (4,14,15). Although effective, concerns associated
with this approach include protein instability and entrapment
efficiency. For example, the protein stability is of significant
concern with the most often investigated PLGA micro-
particles (16). The protein degradation can occur during the
entrapment due to exposure to organic solvents, during
freeze drying, and also by the acidic environment created
by polymer degradation in vivo (17). Moreover, low entrap-
ment of the protein and instability of the delivery system are
challenges faced with using liposomal systems. Alternatively,
the use of charged particles has been investigated for coating
antigens to the particle surface by charge interaction and
thus, enhancing immune responses to the coated antigen in
vivo (16,18,19). To this end, reports from our laboratory have
demonstrated the potential of charged nanoparticles (NPs)
prepared from oil-in-water microemulsion precursors for
enhancing immune responses with cationic proteins such as
b-galactosidase (20) and HIV-1 Tat protein (21,22).

Several studies suggest that the higher uptake of an-
tigens into APCs by using particulate delivery systems play a
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vital role in enhancing the immune response to associated
antigens in vivo (23Y25). Studies in our laboratory have
demonstrated that NPs are taken up effectively in vitro by
DCs and that the enhanced delivery of associated antigen or
molecules, at least in part, contributes to the enhanced
immune responses observed in vivo (unpublished data).
These are antigens simply coated on charged particles and
it is possible that some dissociation of the coated protein
from the particle may occur in vivo due to presence of other
charged molecules, resulting in a decreased accumulation in
APCs. Thus, it is hypothesized that increasing the interaction
of the antigen for the particles could lead to increased
accumulation of the antigen in the APCs as compared to
antigen coated on the surface of charged NPs and thus,
enabling greater enhancements in immune responses in vivo.

The attachment of proteins and antibodies to particulate
delivery systems has been investigated extensively by cova-
lent linkages that involve the use of sulfhydryl-, amine- and
carboxyl-reactive moieties on the protein or the particle
(26Y28). However, these approaches are often cumbersome
and require the use of activating or reducing agents. In
addition, these methods have the potential for causing
protein degradation during attachment, random or multiple
point attachment of the protein, and quite often, low coupling
efficiencies are obtained. An alternative approach taking ad-
vantage of affinity interactions has been extensively used for
purification of recombinant proteins (29,30). This approach
exploits the interaction between chelated divalent metal ions
such as nickel, copper, or cobalt and a short sequence of
histidine residues (four to ten repeating units) added to the
N- or C-terminus of the protein, referred to as histidine-tags
(his-tag). These purification methods generally involve
immobilizing the metal ion onto the column packing material
using a chelating agent such as nitrilotriacetic acid (NTA)
(29). In the case of Cu2+ and Ni2+ which have six coordination
sites, NTA forms a strong complex with four of the metal
sites, leaving two additional sites for interaction with the his-
tag present on the protein (31). Moreover, the interaction of
his-tags with NTAYNi has been reported to be stronger than
or equivalent to that of antibody interactions (10j6 to 10j9M),
with a dissociation constants (Kd) in the range of 10j6 to
10j13 M at pH 7Y8 depending on the protein and location of
the his-tag on the protein (32,33). The binding is reversible by
competing off with excess imidazole (>100 mM) or by
lowering the pH, which results in release of the his-tag
protein due to protonation of electron donating histidine
groups (pKa=6.0). In addition to its extensive use in protein
purification, the use of NTAYNi has been also reported for
immobilization of his-tag proteins onto surfaces for structural
and functional studies (34) and for studying protein
interactions by flow cytometry (33). More recently,
hydrophobized NTAYNi ligand integrated in the liposomal
lipid bilayer was reported for attaching his-tag peptides and
proteins on the surface (35) and for targeting the uptake of
entrapped antigen to DCs via surface immobilization of his-
tag antibodies for DC-specific receptors (36).

The interaction of chelated Ni with his-tag proteins for
enhancing immune responses to antigens with particulate
delivery systems would be advantageous since it is simple,
applicable to a wide range of proteins, and offers stronger
interactions between the particle and antigen compared to

conventional charged particles, consequently allowing for
higher accumulation of antigen into the cell. Once the
antigen is taken up into the cells, it can also be released
because the interactions weaken in the acidic environment of
the lysosomes. Therefore, the present studies were aimed at
investigating the preparation of NPs with a small amount of
surface-chelated nickel for binding to his-tag proteins. In
addition, the utility of these NPs for enhancing the immune
responses to protein-based vaccines was evaluated in vivo

using his-tag HIV-1 Gag p24 protein.
The HIV gag gene encodes for four major Gag proteins

in the mature virus (37) and the Gag proteins are currently
under investigation as potential candidates for the HIV
vaccines (http://www.iavireport.org/trialsdb/). Of these four
proteins, the Gag p24 protein has been shown to be the most
conserved among the different HIV subtypes (38) and many
groups have also identified Gag p24 as the target of Gag-
specific cellular responses (38Y40). More importantly, a
recent study of HIV-infected patients highlighted the signif-
icance of strong Gag p24-specific cellular responses in
controlling viral replication and CD4+ T cell counts (41).
Thus, these features made the HIV-1 Gag p24 protein an
attractive and relevant choice for further evaluating immune
responses in vivo with the nickel nanoparticles.

MATERIALS AND METHODS

Materials

Emulsifying wax, comprised of cetyl alcohol and poly-
sorbate 60 (molar ratio of 20:1) and Alum were purchased
from Spectrum (New Brunswick, NJ). Phosphate buffered
saline, pH 7.4 (PBS), PBS, pH 7.4 with 0.05% Tween 20
(PBS/Tween 20), bovine serum albumin (BSA), and Sephar-
ose CL4B were from Sigma Chemical Co. (St. Louis, MO).
Brij 78 was purchased from Uniqema (New Castle, DE).
Sheep anti-mouse IgG, peroxidase-linked species specific
F(ab_)2 fragment was purchased from Amersham Pharmacia
Biotech (Piscataway, NJ). IFN-g ELISA kit, streptavi-
dinYhorseradish peroxidase (SvYHRP) and biotinylated rat
anti-mouse IgG1 and IgG2a monoclonal antibodies were
from BD Biosciences Pharmingen (San Diego, CA). Tetra-
methylbenzidine (TMB) substrate kit and HisGrabi nickel
coated plates were purchased from Pierce (Rockford, IL).
Microcon\ YM-100, CentriPlus\ YM-100, 2-mercaptoethanol,
certified nickel standard (Claritas\ certified reference
material) and nitric acid (trace metal grade) were purchased
from Fisher Scientific (Hampton, NH). RPMI 1640, 10% heat-
inactivated FBS, HEPES, L-glutamine, penicillin, and
streptomycin were from GIBCO (Carlsband, CA). His-tag
GFP was purchased from Upstate (Charlottesville, VA). His-
tag HIV-1 Gag p24 (his-tag p24) was obtained through the
Centralised Facility for AIDS Reagents supported by EU
Programme EVA/MRC and the UK Medical Research
Council (donated by Dr. I. Jones). 1,2-Dioleoyl-sn-Glycero-3-
[(N-(5-amino-1-carboxypentyl)iminodiacetic acid)succinyl]
nickel and ammonium salt, abbreviated DOGSYNTAYNi
and DOGSYNTA, respectively, were purchased from Avanti
Polar Lipids (Alabastar, AL). Polyvinylidene fluoride
(PVDF) membranes, 15% Tris-Hydrochloride (Tris-HCl)
SDS-PAGE gels, and Immun-star HRP substrate kit were
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from Bio-Rad (Hercules, CA). For in vivo studies, female
BALB/c mice (6Y8 weeks old) were obtained from Harlan
SpragueYDawley Laboratories (Indianapolis, IN).

Preparation of NPs with Surface-Chelated Ni

In a 7 ml glass vial, 2 mg of emulsifying wax (the oil
phase) and 3.5 mg (3 mM) of Brij 78 (the surfactant) were
added and then melted at 60Y65-C. To this vial, 10.6 ml
(0.1 mM) of DOGSYNTAYNi (10 mg/ml stock in chloroform)
was added and the chloroform was evaporated on a hot plate
(õ60Y65-C) while stirring. De-ionized, 0.2 micron-filtered
water (1,000 ml) was added to the vial at 60Y65-C and the
contents of the vial were mixed on the hot plate to form clear
oil-in-water microemulsions. NPs were obtained by cooling
the vials to room temperature while stirring. NPs of similar
composition but without Ni were prepared in the same
manner using 0.1 mM of DOGSYNTA lipid instead, referred
to as NTA-NPs. The NPs were characterized by measuring
their size using a Coulter N4 Plus Sub-Micron Particle Sizer
(Coulter Corporation, Miami, FL) at 90- and charge, using a
Malvern Zeta Sizer 2000 (Malvern Instruments, Southbor-
ough, MA).

Binding of His-tag p24 and Initial In Vivo Studies

For the initial studies, his-tag p24 was bound to the
surface-chelated Ni nanoparticles (Ni-NPs) at a 1:10 w/w ratio
(dry weight ratio of protein to Ni-NPs) in PBS, pH 7.4 at 4-C
overnight. The effectiveness of these formulations with re-
spect to Alum and NTA-NPs was evaluated in vivo. These
control formulations were prepared by simply mixing the
appropriate amount of his-tag p24 with Alum or NTA-NPs in
PBS, pH 7.4 for at least 1 h at room temperature. The mice
(n=5Y6 per group) were dosed on day 0 and 14 with his-tag
p24 bound to Ni-NPs, adjuvanted with Alum, or as a control
coated on NTA-NPs. All mice were given 100 ml s.c.
injections on the back containing 2.5 mg of his-tag p24 and
25 mg of the NPs or Alum. The mice were bled by cardiac
puncture on day 28 and the sera were separated and stored
at j20-C for antigen-specific IgG analysis.

Determination of His-tag p24-Specific Total IgG Levels

His-tag p24-specific serum IgG levels were determined
using an ELISA. The wells (96-well Costar plates) were
coated with 50 ml of his-tag p24 (5 mg/ml in PBS, pH 7.4)
overnight at 4-C. The plates were blocked for 1 h at 37-C
with 200 ml of 4% BSA prepared in PBS/Tween 20. The
plates were then incubated with 50 ml per well of mouse
serum diluted at 1:100 and 1:1,000 in 4%BSA/PBS/Tween 20
for 2 h at 37-C. The plates were incubated with 50 ml/well
anti-mouse IgG HRP F(ab_)2 fragment from sheep (1:3,000 in
1%BSA/PBS/Tween 20) for 1 h at 37-C. The plates were
washed three to five times with PBS/Tween 20 in between
each step. The plates were developed by adding 100 ml of
TMB substrate and incubating for 30 min at RT. The color
development was stopped by the addition of 100 ml of 2M
H2SO4 and the OD at 450 nm was read using a Universal
Microplate Reader (Bio-Tek Instruments, Inc., Winooski,
VT).

Optimization of Ni-NP Formulation for Binding to His-tag
Proteins Using His-tag GFP

Studies evaluating the entrapment and binding ratios of
Ni-NPs to a model protein, his-tag GFP, were carried out.
Excess DOGSYNTAYNi was separated from the Ni-NPs by
using a gravity packed Sepharose CL4B gel permeation
chromatography (GPC) column (15�70 mm). Briefly,
200 ml of the Ni-NPs was passed down the GPC column
using PBS, pH 7.4 as the mobile phase. Fractions (1 ml) were
collected and the fractions containing the NPs (as determined
by measuring the particle size intensity with the particle
sizer) were used for binding to his-tag GFP. To determine the
optimal binding ratios, his-tag GFP was mixed with the GPC-
purified Ni-NPs at a 1:16.9 and 1:33.7 w/w ratios in PBS,
pH 7.4 at 4-C overnight. Free protein was separated from
bound protein by passing through the Sepharose CL4B
column using PBS, pH 7.4 as the mobile phase. Fractions
collected (1 ml) were analyzed by fluorescence to determine
the percent of his-tag GFP bound to Ni-NPs. The stability of
the binding at 1:33.7 w/w ratio at 37-C in PBS, pH 7.4 was
evaluated by removing aliquots at over 4 h and passing
through the GPC column. The fluorescence associated in
fraction 1Y12 was measured, and particle sizes were measured
using fraction 4. The fluorescence was measured using a
Hitachi F-2000 fluorescence spectrophotometer (Fairfield,
OH) with excitation and emission wavelengths set at 395
and 508 nm, respectively.

Optimization of His-tag p24 Binding to Ni-NPs

The Ni-NPs were purified by GPC as described and
further bound to the his-tag p24 at 1:8.85, 1:17.7, 1:35.4, and
1:70.8 w/w ratios to determine the optimal binding condi-
tions. After GPC purification, fractions 7Y13 were evaluated
for the presence of free protein by ELISA. The NP con-
taining fractions, 3Y5, were combined, concentrated using
Microcon\ YM-100 ultracentrifuge devices, and analyzed by
Western blot.

ELISA for Analysis of Free His-tag p24

To detect the free his-tag p24 eluting from GPC column,
a qualitative ELISA method was developed using HisGrabi
nickel-coated plates. Samples (100 ml) were added to the
plate and incubated for 1 h at room temperature (RT) while
shaking. The wells were blocked with 200 ml of 1% fetal
bovine serum (heat inactivated) in PBS/Tween 20 for 1 h at
RT. His-tag p24 anti-sera (from the initial studies) diluted at
1:1,000 in blocking solution was added to the wells (100 ml)
and incubated for 1 h at RT. Finally, 100 ml of anti-mouse
IgG HRP F(ab_)2 fragment from sheep diluted at 1:3,000 in
the blocking solution was added and the plate was incubated
for 1 h at RT. The plates were washed three to five times with
PBS/Tween 20 in between each step. The plates were
developed by incubating with 100 ml of TMB substrate 30 min
at RT and the color development was stopped by the addition
of 100 ml of 2 M H2SO4. The OD at 450 nm was measured
using a plate reader.
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Western Blot Analysis for His-tag p24 Bound to Ni-NPs

The concentrated NP fractions after GPC purification
along with various amounts of his-tag p24 as controls were
loaded on 15% Tris-HCl SDS-PAGE gels using Bio-rad
power supply (200 V constant for 45 min). A semi-dry trans-
fer of the proteins from the SDS-PAGE gel onto a PVDF
membrane was performed using Trans-Blot semi dry transfer
cell (Bio-rad) using the Bio-rad power supply (15 V, 120 mA,
400 W for 24 min). The membrane was blocked for 1 h with
4% BSA prepared in PBS/Tween 20 and then incubated with
a 1:1,000 dilution of his-tag p24 anti-sera from the initial
experiment for 2 h. Finally, the membrane was incubated
with a 1:5,000 anti-mouse IgG HRP F(ab_)2 fragment from
sheep for 1 h. All antibodies were diluted in 4% BSA in PBS/
Tween 20. All steps were performed with shaking at RT and
three to five washings for 5 min using PBS/Tween 20 were
included in between each step. The protein on the membrane
was detected using the Immun-star HRP substrate kit and the
membrane was exposed using a Kodak Image Station 2,000
mm (New Haven, CT) and analyzed using Kodak 1D
software.

Atomic Emission Spectroscopy for Quantitating
the Surface-chelated Ni on NPs

Atomic emission spectroscopy (AES) using inductively
coupled plasma as the excitation source was used to quantify
Ni present on the Ni-NPs before and after GPC purification.
The method parameters set on the Varian Vista-PRO CCD
simultaneous ICP-OES instrument (Palo Alto, CA) were as
follows: plasma flow at 15.0 l/min; auxiliary flow at 1.50 l/min;
nebulizer flow at 0.90 ml/min; sample uptake 30 s; rinse time
10 s; and pump rate 15 rpm. Yttrium was used as an internal
standard for correction as needed. The Ni was detected at
216.55 and 231.604 nm and the final results were calculated
based on an average of both wavelengths. The data was
collected and analyzed by Vista-PRO ICP software v.4.1.0.
All samples and standards were prepared using 5% nitric
acid. A standard curve for Ni was prepared from 10 to 200 ppb
Ni. For quality control purposes, independent Ni standards at
20 and 100 ppb were prepared and analyzed prior to sample
analysis. The acceptance criteria for the quality control
standards were based on greater 90% of theoretical Ni
concentration. To determine the recovery of Ni from the NP
matrix, 0.4 and 2.0 mg of NTA-NPs were spiked with 10 and
50 ppb of Ni and analyzed for Ni content. For quantitation of
Ni on the Ni-NPs, the NPs were purified by GPC to obtain a
total of 2.0 mg of purified NPs and fractions 3Y6 were
collected. The combined fractions were further desalted and
concentrated using CentriPlus\ YM-100 ultracentrifuge
devices to a final volume of 1 ml and diluted in nitric acid
for analysis.

In Vitro Release of His-tag p24 from Ni-NPs
as a Function of pH

His-tag p24 was bound to purified Ni-NPs at a ratio of
1:70.8 w/w as described above. After GPC purification, the
NP containing fractions were combined and concentrated
using Microcon\ YM-100 ultracentrifuge devices. Aliquots of

the Ni-NPs, with bound his-tag p24, were incubated under
increasing acidic conditions; pH 7.4 (Control), pH 6.2, pH 5.0
and pH 4.0. The release study at pH 7.4 and pH 6.2 was
performed using 10 and 50 mM phosphate buffer, re-
spectively. The release study at pH 5.0 and pH 4.0 was
performed using 50 mM acetate buffer. The osmolality of all
buffer systems was maintained at 300 mOsm/kg with NaCl.
After 1 h incubation at 25-C, the Ni-NPs were applied to a
GPC column equilibrated with a mobile phase of appropriate
pH e.g., samples incubated at pH 5.0 were eluted by acetate
buffer with a pH of 5.0. The NP containing fractions were
combined, concentrated and analyzed by Western blot as
described above. The relative amount of his-tag p24 retained
on the Ni-NPs was determined by calculating the band
intensities and comparing it to that of the control (pH 7.4)
using Kodak 1D software analysis.

In Vivo Assessment of Optimized HIV-1 His-tag
p24 Bound to Ni-NPs

Mice (n=6Y8 per group) were immunized (s.c.) on day 0
and 14 with 100 ml of his-tag p24 bound to GPC purified Ni-
NPs, coated on NTA-NPs, or adjuvanted with Alum. As an
additional control, his-tag p24 bound to unpurified Ni-NPs
were also assessed. The dose of his-tag p24 was 2.5 mg and of
the NPs or Alum was 88.5 mg. On day 28, mice were bled by
cardiac puncture, and the sera were collected and stored at
j20-C for IgG analysis. The spleens were collected and
pooled for each group for splenocyte proliferation and IFN-g
release assays.

His-tag p24-specific Antibody Isotype Analysis

His-tag p24 specific IgG1 and IgG2a levels were
determined using an ELISA procedure similar to that de-
scribed for total IgG levels. Briefly, the plates were coated
with 50 ml of his-tag p24 (1 mg/ml in PBS, pH 7.4) overnight at
4-C. The plates were blocked with 4% BSA in PBS/Tween 20
for 1 h at 37-C. The sera (50 ml) diluted at 1:1,000 in the
blocking solution were added to the wells and incubated for
1 h at RT. The plates were incubated with 50 ml of biotinylated
rat anti-mouse IgG1 or IgG2a diluted at 1:5,000 in blocking
solution for 1 h at RT and finally with Sv-HRP diluted at
1:4,000 in blocking solution for 30 min at RT. The plates were
washed three to five times with PBS/Tween 20 in between
each step. The plates were developed and read as described
for the total IgG levels.

Splenocyte Proliferation and IFN-g Release Assay

The spleens were crushed in 1X Hanks Balanced Salt
Solution (HBSS) using a stomacher homogenizer for 60 s at
normal speed to obtain single cell suspensions and the
suspensions were then transferred into centrifuge tubes. Red
blood cells were lysed by adding 1X ammonium chloride/
potassium hydrogen carbonate (ACK) buffer (156 mM
NH4Cl, 10 mM KHCO3 and 100 mM EDTA) and incubating
for 1Y2 min at RT. The cells were spun down at 1,500 rpm,
4-C for 10 min. Supernatants were decanted and the cells
were washed two more times with 1X HBSS. The cells were
resuspended in RPMI 1640 (supplemented with 10% heat-
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inactivated fetal calf serum, 1 mM HEPES, 2 mM l-glutamine,
10 U/ml penicillin, 100 U/ml streptomycin, 50 mM 2-mercap-
toethanol). For splenocyte proliferation assay, cells (5�105

cells/well) were added to a 96-well plate and incubated with
media, Con A (2 mg/ml), or his-tag p24 (1 mg/ml) at 37-C, 7%
CO2 for 4 days. The cells were pulsed with 1 mCi of 3H-
thymidine on day 4 and incubated for an additional 24 h at
37-C, 7% CO2. On day 5, the cells were harvested onto 96-
well plates with filters and counted to measure T cell
proliferation.

To measure IFN-g release from stimulated splenocytes,
parallel 48-well plates were set up using 1�106 cells/well (total
volume of 400 ml) and incubated with media alone, Con A
(2 mg/ml), or his-tag p24 (1 mg/ml) at 37-C, 7% CO2 for 72 h.
The supernatants were collected at 72 h and stored at j80-C
for IFN-g analysis by ELISA (performed per manufacturer_s
instructions).

Statistical Analysis

Statistical analysis was performed using one-way analysis
of variances (ANOVA) followed by pair-wise comparisons
using Tukey_s multiple comparison test using GraphPad
Prism software.

RESULTS AND DISCUSSION

Preparation of Ni-NPs and Initial In Vivo Study with Ni-NPs

NPs prepared using oil-in-water microemulsion precur-
sors have been reported previously (20,42,43). These NPs
offer versatility in entrapment of ligands and molecules and
can be easily engineered to be neutral, anionic, or cationic
based on the appropriate choice of surfactant(s). In these
studies, neutral NPs were prepared using non-ionic emulsi-
fying wax as the oil phase and the neutral surfactant Brij 78.
To incorporate a small amount of surface-chelated nickel, the
use of the lipid DOGSYNTAYNi (Fig. 1) was explored. The
hydrophobic portion of this molecule is thought to be
entrapped within the oil phase, exposing the NTAYNi portion
on the surface of the NPs for interaction with histidine-tags
on proteins. The Ni-NPs had a mean size of 145.0T5.5 nm
with a mean polydispersity index of 0.247T0.040 (n=6) and
were slightly negatively charged (j30 to j20 mV). Based on
theoretical calculations, these Ni-NPs were initially bound to

his-tag p24 at a 1:10 w/w ratio for initial in vivo evaluation to
determine the applicability of this technology for further
development. The binding of his-tag p24 to the Ni-NPs was
confirmed by SDS-PAGE (data not shown). The use of
DOGSYNTA entrapped in NPs was also investigated to
control for non-specific adsorption of the protein on the
surface of the NPs. The carboxylic groups of the NTA are
thought to give the NPs a net negative charge and could
allow his-tag p24, a cationic protein, to be coated on the
surface of the particles. As shown in Fig. 2, the Ni-NPs
resulted in significant enhancement in antibody responses
compared to both Alum and NTA-NPs. These initial studies
were very encouraging in that they demonstrated that
superior humoral responses could be obtained with these
Ni-NPs compared to the conventional coated NPs and Alum.

Ni-NP Formulations Optimized and Characterized
with His-tag GFP

Based on the promising results obtained with the initial
in vivo studies, further work to optimize and characterize the
Ni-NPs using his-tag GFP was performed. The use of this
protein offered numerous advantages in optimizing the
formulations such as ease of detection by fluorescence, direct
quantitation of the protein bound to the NPs and released
from the NPs. In addition, GFP is similar in molecular weight
to his-tag p24, 28 kDa for GFP versus 24 kDa for his-tag p24.
Separation of his-tag GFP bound to Ni-NPs from unbound
his-tag GFP was achieved by GPC using a Sepharose CL4B
column. The eluent from the GPC purification can be frac-
tionated (1 ml) and based on the particle size intensity and
fluorescence intensity measurements, NPs and protein asso-
ciated with NPs were found to elute in fractions 3 to 6,
whereas free protein eluted in later fractions, 8 to 12 (Fig. 3).
Moreover, during these binding studies, it was discovered
that the Ni-NP formulation contained some unentrapped
DOGSYNTAYNi, which could also be separated from the
NPs by GPC since it elutes mostly in fractions 7Y9 (Fig. 3).
Thus, GPC purification with a Sepharose CL4B column
allowed efficient separation of the unentrapped lipid from
Ni-NPs and for separating unbound his-tag protein from the
Ni-NP bound protein. As shown in Fig. 3, the GPC
purification of excess lipid from Ni-NPs allowed for higher
amount of his-tag protein being bound to the surface of the
NPs (purified Ni-NPs shown as solid triangles) and subse-

Fig. 1 Structure of DOGSYNTAYNi. NTA occupies four of the Ni coordination sites, leaving two unoccupied sites (shown coordinating with

water in figure) for interaction with the histidine residues. (Structure was copied from Avanti Polar Lipids website: http://www.avantilipids.com/

SyntheticNickel-ChelatingLipids.asp).
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quently, GPC purification of NPs was performed prior to
reacting with his-tag proteins.

The binding of his-tag GFP with Ni-NPs was evaluated
at two ratios and it was found that at a 1:33.7 w/w ratio of his-
tag GFP to Ni-NPs, the majority of the protein (>80%) was
bound to the surface of the NPs (Fig. 4). Furthermore, to
determine the specificity of the binding, GPC purified NTA-
NPs were mixed with his-tag GFP and the binding was eval-
uated. As shown in Fig. 4, very little protein was associated
with the NTA-NPs (õ7%) and the majority of the protein
eluted in later fractions where free protein is expected to
elute. These data suggested that the binding to the Ni-NPs
was stronger and more specific than simple adsorption on the
surface of the particles. The his-tag GFP binding to Ni-NPs
was found to be stable for 4 h in PBS at 37-C, pH 7.4 with
12.0T5.0% of the protein released and particle sizes retained at

approximately 160 nm over the time frame. Furthermore, his-
tag GFP bound to Ni-NPs at 1:33.7 w/w ratio was stable at 4-C,
with only 4.3T2.3% of the protein released after incubating for
7 days in PBS, pH 7.4.

Entrapment Efficiency of DOGSYNTAYNi
in NPs Based on Ni

The amount of DOGSYNTAYNi entrapped in NPs was
calculated indirectly by quantitating the amount of Ni
associated with the NPs before and after GPC purification
using AES. The molar ratio of Ni chelated with DOGSYNTA
was 1:1, therefore the entrapment efficiency of the lipid was
calculated based on the Ni. As controls, the amount of Ni
present in NTA-NPs was evaluated and the recovery of Ni
from this matrix was also determined using NTA-NPs. As
expected, no Ni was detected in the control NTA-NP
preparations. In addition, the spike-recovery studies sug-
gested that the Ni could be recovered from the NP matrix,
with greater than 80% recovery at the highest amount of NPs
evaluated (Table I). Based on the amount of Ni associated
with NPs before and after GPC purification in four indepen-
dent Ni-NP preparations, it was calculated that approximately
5% of the lipid used in the initial preparation was entrapped
within the NPs (Table II). Furthermore, based on these
calculations, it was concluded that there was a 3-fold excess
of Ni present on the NPs at the 1:33.7 w/w ratio of his-tag
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Fig. 3 GPC separation profiles using Sepharose CL4B column. Ni-

NPs eluted in fraction 3Y6 as determined by particle size intensity.

The extent of his-tag GFP bound to Ni-NPs can be determined by

separating protein bound to Ni-NPs from free protein, which elutes

in faction 8Y12 as determined by fluorescence intensity measure-

ments. Fluorescence of the protein when bound to Ni-NPs overlaps

with correlating particle size intensities in fraction 3Y6. The peak for

his-tag GFP bound to excess lipid in the unpurified Ni-NPs shifts to

the left, eluting in fraction 7Y12, based on fluorescence intensity

measurements.
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Fig. 4 Binding of his-tag GFP to Ni-NPs compared to NTA-NPs.

The GPC purification profile for his-tag GFP bound to Ni-NPs at

1:33.7 w/w ratio of protein to Ni-NPs demonstrated that greater than

80% of the protein was bound to Ni-NPs. At this same ratio, the

GPC purification profile for his-tag GFP mixed with NTA-NPs

indicated that 7% of the protein was associated with the NTA-NPs.

Fig. 2 Gag p24-specific IgG levels in serum at 4 weeks post initial

immunization. Mice were immunized with 2.5 mg of his-tag p24

bound to Ni-NPs (25 mg), coated on NTA-NPs (25 mg), or adjuvanted

with Alum (25 mg) on day 0 and day 14. Data for each group

represents the mean T SD (n=5Y6). *p<0.01 compared to all groups.

Table I. Ni Spike and Recovery from NTA-NPs. Spike and

Recovery Studies with Ni were Performed at 10 and 50 ppb using

0.4 and 2.0 mg of NTA-NPs

NTA-NPs

(n=3) (mg) Ni Spike (ppb)

Average Ni

Recovery (%)

Standard

Deviation

0.4 10 102.1 19.0

0.4 50 104.8 1.8

2.0 10 87.8 9.6

2.0 50 89.6 5.1
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GFP to NPs. Interestingly, increasing the protein to NP ratio
from 1:16.9 to 1:33.7 w/w only resulted in a slight increase in
binding efficiency from about 70% to 80%. This combined
with the fact that there is still a three-fold excess of Ni on the
NPs at the higher binding ratio suggests that there may have
been some steric hindrance preventing accessibility to at least
some of the Ni present on NPs for binding to the protein.
Alternatively, it is possible that some of the chelated Ni was
entrapped in the oil phase and thus not accessible for binding
with the his-tag protein.

Optimized Ni-NP Formulations with His-tag p24

Based on the binding studies for his-tag GFP with Ni-
NPs, the optimal binding ratios of his-tag p24 to Ni-NPs was

evaluated for further use in in vivo studies. Evaluating the
binding of his-tag p24 was more challenging because, unlike
GFP, it could not be assessed directly on Ni-NPs. To
determine the optimal binding ratios, the relative amounts
of unbound his-tag p24 were detected using ELISA (Fig. 5A)
and the fractions containing Ni-NPs were analyzed for
presence of bound his-tag p24 by Western blot (Fig. 5B).
Analysis of the Western blot by densitometry suggested that
greater than 80% of the protein was associated with the Ni-
NPs at ratios higher than 1:35.4 w/w. Thus, for further in vivo
evaluation the 1:35.4 w/w ratio was used to prepare the
formulation with Ni-NPs and with control NTA-NPs.

In Vitro Release of His-tag p24 from Ni-NPs
as a Function of pH

Figure 6 shows that lowering the pH resulted in a
reduction in the relative amount of his-tag p24 bound to the
Ni-NPs after 1 h. Specifically, at a pH of 5 and below, there
were negligible amounts of his-tag p24 remaining associated
with the NPs, as expected. Based on these studies, the his-tag
protein is expected to remain associated with the Ni-NPs to a
significant extent until being taken up into the cells and
exposed to the acidic environment of the endosomes or

Fig. 5 Binding of his-tag p24 to Ni-NPs. (A) GPC profile for free his-

tag p24 eluting from column. His-tag p24 was bound to Ni-NPs at

various ratios and the relative amounts of free protein eluting from

the Sepharose CL4B GPC column were traced in the fractions where

free protein is expected to elute using ELISA. Ni-NPs with no

protein were run as control with the ELISA to account for any

interference. (B) Western blot of his-tag p24 bound to Ni-NPs.

Fractions 3Y5 from the GPC purification were collected, combined,

and analyzed by western blot to determine the relative amounts of

his-tag p24 bound to the Ni-NPs. The lanes correspond to the

following samples: (1) 1:70.8 w/w; (2) 1:35.4 w/w; (3) 1:17.7 w/w;

(4) 1:8.85 w/w; (5) Ni-NPs as control; 6Y9 are 50, 100, 200, and 250 ng of

his-tag p24 standards loaded at controls, respectively. Greater than

80% of the his-tag p24 was bound to the Ni-NPs at ratios greater than

1:35.4 w/w.

Fig. 6 Release of his-tag p24 from Ni-NPs as a function of pH. (A)

Western blot of his-tag p24 retained on nanoparticles incubated at

different pHs. His-tag p24 bound to Ni-NPs were incubated for 1 h at

pH 7.4, 6.2, 5.0 and 4.0 at 25-C. Ni-NPs were then separated from

free his-tag protein by GPC after which they were concentrated and

run on SDS-PAGE. (B) Densitometry analysis of the western blot

using Kodak 1D software. The amount of his-tag p24 retained on

the Ni-NPs under different pHs was determined by quantifying the

intensities of the bands relative to that of the control (pH 7.4).

The amount of released his-tag p24 was not quantified.

Table II. Quantitation of Ni on NP Surface Before and After GPC Purification by AES

Ni-NP Preparation mg Ni Before GPC* mg Ni After GPC* Molecules Ni per Particle

Molecules of

GFP per Particle

Molar Ratio

of GFP to Ni

1 8.19 0.53

2 7.87 0.38 3,557 1,039 1 to 3
3 7.82 0.27

4 7.85 0.49

*Values reflect amount of Ni per 2 mg of NPs

349Preparation and Characterization of Nickel Nanoparticles



lysosomes, where release of his-tag p24 from the Ni-NPs
most likely occurs. Thus, it is probable that a greater amount
of the his-tag protein accumulates in the cell with the Ni-NPs
compared to charged NPs, leading to stronger immune
responses in vivo. However, it is unclear that the his-tag
p24 needs to be released from the Ni-NPs to result in an
immune response since theoretically the lysosomal environ-
ment is well-equipped to digest intact particulate pathogens
and subsequently allow for the processing and presentation
of the protein antigen.

In Vivo Results Using Optimized Ni-NP Formulations
with His-tag p24

Initial in vivo studies demonstrated the potential of Ni-
NPs for enhancing humoral immune responses to his-tag p24.
However, these formulations were not optimized and some
of the protein could have been associated with excess,
unentrapped lipid instead of NPs, leading to suboptimal in

vivo responses. The goal of this follow up in vivo study was to
confirm that humoral immune responses could be obtained

with the optimized formulations of Ni-NPs and to further
evaluate the cellular immune responses. Mice were immu-
nized with his-tag p24 bound to Ni-NPs, coated on control
NTA-NPs or adjuvanted with Alum. In addition, to control
for the immune responses that may have been enhanced by
unentrapped lipid bound to his-tag p24, the use of unpurified
Ni-NPs was also investigated. At the 1:1,000 serum dilution,
significantly higher his-tag p24-specific IgG levels were
detected using the Ni-NPs compared to all groups (Fig. 7A).
Moreover, NTA-NPs, Alum, and unpurified Ni-NP groups
were statistically insignificant compared to the naı̈ve group.
Interestingly, the unpurified Ni-NPs demonstrated similar
potency in generating antibodies as the NTA-NPs and Alum,
but significantly less compared to the purified Ni-NPs. It is
hypothesized that his-tag p24 would interact with unentrap-
ped lipid, which exists freely in solution, in micelles, or
loosely adsorbed on the NP surface, to a greater extent be-
cause the Ni would be more accessible for interactions
compared to the Ni-chelated to lipid which is entrapped in
the NPs. Thus, while there may be some enhancement in

Fig. 7 His-tag p24-specific humoral responses after immunization

with optimized Ni-NP formulations. Mice were immunized with 2.5 mg

of his-tag p24 bound to Ni-NPs (88.5 mg), coated on NTA-NPs (88.5

mg), adjuvanted with Alum (88.5 mg) or mixed with unpurified Ni-NPs

(88.5 mg) on day 0 and day 14. (A) Total serum IgG levels were

measured on day 28. Data for each group represents the mean T SD

(n=6Y8). ap<0.01 compared to Ni-NP group; bp<0.001 compared to

all groups; cp>0.05 compared to naı̈ve group. (B) Serum IgG1 and

IgG2a levels were measured on day 28 by ELISA at a 1:1,000 serum

dilution. Data for each group represents the mean T SD (n=6Y8).
ap<0.001 compared to all groups; bp>0.05 compared to naı̈ve group.

Fig. 8 Cellular responses to his-tag p24. Mice were immunized with

2.5 mg of his-tag p24 on day 0 and day 14. Spleens were harvested and

pooled for each group on day 28. (A) Splenocyte proliferation

results. Cells (5�105) were stimulated with 1 mg/ml his-tag p24 and

the incorporation of 3H-thymidine in cells was evaluated on day 5.

The data represents the mean T SD (n=3). *p<0.05 compared to

unstimulated cells. (B) 72 h IFN-g release from stimulated splenocytes.

Cells (1�106) were stimulated with 1 mg/ml his-tag p24 and the

supernatants were evaluated for IFN-g release at 72 h by ELISA. The

data represents the mean T SD (n=3). *p<0.05 compared to

unstimulated cells.
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antigen uptake and subsequently antibody production with
the unpurified Ni-NP formulation, the results demonstrate
that they are only marginal compared to the responses that
can be generated with the antigen being bound to the Ni on
the NPs. Moreover, this data supports that protein bound to
Ni-NPs is superior to Alum and NTA-NPs in enhancing
humoral immune responses to his-tag p24.

The serum isotype levels, IgG1 versus IgG2a, were
measured to assess the type of immune response generated
(i.e., Th1 or Th2). During an immune response, the release of
Th1 or Th2 cytokines will affect the production of these
antibodies. BALB/c mice bias the immune response towards
a Th2 profile (44,45), generating antibodies of IgG1 isotype;
however, in the presence of Th1 type immune responses, the
cells produce IFN-g which causes a switch in the isotype
produced to IgG2a. The isotype analysis in these studies
revealed that the Ni-NPs resulted in the highest levels of
IgG2a compared to all groups, while the IgG1 levels were
comparable to the other three immunized groups (Fig. 7B).

The cellular immune responses in these studies were
evaluated by splenocyte proliferation and IFN-g release
assays. Splenocytes from immunized mice that were stimu-
lated in vitro with his-tag p24 demonstrated significantly
higher proliferation with all groups compared to naı̈ve group,
with the exception of the unpurified Ni-NPs group (Fig. 8A).
In addition, the IFN-g released from the stimulated spleno-
cytes showed a similar trend in that all groups, except the
unpurified Ni-NPs, produced significantly higher IFN-g
compared to the naı̈ve group (Fig. 8B). However, the IFN-g
release was only modest with both the Ni-NP and Alum
groups (cytokine levels in the picogram per milliliter range).
It is interesting to note that although weak antibody re-
sponses could be generated with the unpurified Ni-NPs, they
were not effective at inducing his-tag p24-specific cellular
responses, as indicated in the splenocyte proliferation and
IFN-g release assays. This could be due to very little antigen
actually being bound to the Ni on the NPs because of binding
to the more accessible unentrapped lipid, as discussed above.
Alternatively, the dose of DOGSYNTAYNi given with these
NPs is higher that that of the purified Ni-NPs and could have
an affect on the immune responses. Therefore, further
assessment of various doses of Ni-NPs would be beneficial
in elucidating the effect of Ni on the immune responses and
the optimal doses for enhancing both cellular and humoral
immune responses. It is important to note that based on the
AES characterization of Ni-NPs, the dose of Ni administered
to mice in each 100 ml injection in the purified Ni-NPs is
equivalent to 20 ng. This amount of Ni is approximately
10,000-fold lower than the levels of Ni that have shown
adverse effects in mice (46,47). To provide additional
perspective, the average human diet is estimated to contain
0.15 mg Ni per day and drinking water alone contains 0.001
to 0.01 mg Ni per Liter (48). Thus, the dose of Ni used in
these studies is considered to be within the tolerable range.

CONCLUSIONS

In conclusion, the preparation of novel NPs containing a
small amount of surface-chelated nickel was shown to be
effective for enhancing the interaction with his-tag proteins
compared to simple charged particles. This stronger affinity

of the antigen for the Ni-NPs resulted in superior humoral
immune responses in vivo compared to protein adjuvanted
with Alum or coated on charged NPs. Moreover, the Ni-NPs
are also promising for generating Th1 type immune
responses. These data demonstrate the potential applications
of Ni-NPs for vaccine delivery and warrant further investi-
gation of these systems for enhancing immune responses with
protein-based vaccines.
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