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Abstract

The use of proteins for therapeutic applications requires the protein to maintain sufficient activity
for the period of /in vivotreatment. Many proteins exhibit a short half-life /7 vivoand, thus,
require delivery systems for them to be applied as therapeutics. The relative biocompatibility and
the ability to form functionalized bioconjugates via simple chemistry make gold nanoparticles
excellent candidates as protein delivery systems. Herein, two protocols for coupling proteins to
gold nanoparticles were compared. In the first, the strong biomolecular binding between biotin and
streptavidin was used to couple catalase to the surface of gold nanoparticles. In the second
protocol, the formation of an amide bond between carboxylic acid coated gold nanoparticles and
free surface amines of catalase using carbodiimide chemistry was performed. The stability and
kinetics of the different steps involved in these protocols were studied using UV-Visible
spectroscopy, dynamic light scattering, and transmission electron microscopy. The addition of
mercaptoundecanoic acid in conjugation with (A-(6-(biotinamido)hexyl)-3”-(2”-pyridyldithio)-
propionamide increased the stability of biotinylated gold nanoparticles. Although the carbodiimide
chemistry based bioconjugation approach exhibited a decrease in catalase activity, the
carbodiimide chemistry based bioconjugation approach resulted in more active catalase per gold
nanoparticle compared to that of mercaptoundecanoic acid stabilized biotinylated gold
nanoparticles. Both coupling protocols resulted in gold nanoparticles loaded with active catalase.
Thus, these gold nanoparticle systems and coupling protocols represent promising methods for the
application of gold nanoparticles for protein delivery.
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1. Introduction

Carrier systems of nanoscale dimensions such as liposomes, polymeric particles, and
microemulsion droplets are being widely studied for the delivery of various biomolecules
[1,2]. In the case of proteins/enzymes, an important requirement for their immobilization to
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various carrier systems is that the protein should remain in its active form and be able to
carry out necessary functions efficiently. Although physical adsorption of proteins via
hydrophobic and electrostatic interactions is experimentally simple, the loss of the protein/
enzyme from the carrier once in contact with the /n vivo environment makes chemically
mediated immobilization via covalent bonding attractive for increasing the half life of
proteins for in vivo therapeutic applications. Additionally, irreversible covalent binding
generally leads to high levels of surface coverage. The easy synthesis of inorganic
nanoparticles, their high surface to volume ratio, and the ability to control their size prove
vital for immobilizing proteins over their surfaces for therapeutic applications [3]. Added
advantages of gold nanoparticles (GNPs) include biocompatibility, relative non-toxicity, and
the ability to form functionalized bioconjugates via simple chemistry [4]. Some of the in
vivo therapeutic applications of functionalized GNPs include tumor necrosis factor delivery
[5], treatment of colon carcinomas with Paclitaxel grafted gold colloids [6], cellular drug
delivery [7-9], gene therapy [10-14], thermoablative therapy [15,16] and drug release [17—
19]. With the advent of such successful applications, GNPs can also prove to be suitable
carriers for therapeutic protein delivery.

Gold nanoparticles serve as excellent candidates for protein bioconjugation because they
readily react with the amino and cysteine thiol groups of proteins. Unlike polymeric systems
which prove effective in reducing the proteolytic degradation and deactivation of the
therapeutic reagent [2,20-22], proteins conjugated to GNPs are directly exposed to their
environment and potential proteolysis. Although this exposure is a potential drawback, it
overcomes substrate diffusion/accessibility limitations into encapsulated systems. One
potential method to overcome proteolysis is to use polymeric brushes (e.g., poly(ethylene
glycol); PEG-based) in conjunction with proteins, which can minimize the access of
proteolytic enzymes to the surface of particles. Further, the inherent properties of their metal
core make GNPs an effective drug carrier platform for combinatorial diagnosis through
heavy metal imaging along with protein therapy [23]. Also, issues of rapid /in vivo
therapeutic clearance, poor inherent localization at targeted sites, and the simultaneous
protection of untargeted sites from undesired reactions can be overcome through the
functionalization of GNPs with polymeric brushes such as PEG [24], and biomolecular
targeting agents [3,25]. Several proteins such as insulin, pepsin, glucose oxidase, horse
radish peroxidase, xanthine oxidase, fungal protease, etc have been directly conjugated to
gold nanoparticles [2,26-30]. In most cases, this strategy alters the conformational structure
and active center of the protein similar to that of physical adsorption, thereby causing a
reduction in activity [31]. Herein, we report and compare two simple procedures for
coupling a model enzyme catalase to GNPs. Catalase catalyzes the conversion of hydrogen
peroxide, a harmful oxidizing agent, to water and molecular oxygen. Its antioxidant
properties have been studied extensively for potential effectiveness in antioxidative therapy.
However, catalase undergoes rapid elimination from the blood stream and demonstrates
poor intracellular delivery [32]. Figure 1 shows a schematic representation of the two
approaches utilized in this study for the coupling of catalase to GNPs. The first involves the
biotinylation of both the GNP and catalase and then coupling them together using a
streptavidin crosslinker. The second method uses carbodiimide chemistry to form amide
bonds between carboxylic acid coated GNPs and amino groups of catalase. The first method
takes advantage of the high affinity between biotin and streptavidin to form a biotin-
streptavidin complex, which is among the strongest interactions in biology. The advantage
of using carbodiimide chemistry is that it employs mild reaction conditions, endowing
considerable versatility of bioconjugation for a wide variety of protein and enzyme
molecules. The common feature of both procedures is the exploitation of the reaction and
attachment of thiol molecules onto the surface of GNPs in the form of thiol-gold chemistry.
Characterization of the coupling kinetics, stability of the modified particle, and the activity
of catalase bound GNPs were done using UV-Visible spectroscopy, dynamic light
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scattering, and transmission electron microscopy (TEM). With these simple methods of
bioconjugation, protein coupled GNPs can be useful for the delivery of proteins for
biomedical applications.

2. EXPERIMENTAL SECTION

2.1. Synthesis of biotinylated and carboxylic coated GNPs

Monodispersed gold nanoparticles were prepared using the Turkevich reduction of gold salts
[33]. Briefly, a 1 mM aqueous solution of chloroauric acid (HAuCl,) was boiled under
stirring. To this solution, 3 mM trisodium citrate in water was added to reduce HAUCl,
producing GNPs of sub-nanometer size. Tween 20 at 38 mg/ml was added to a 1 mg/ml final
concentration to stabilize the particles for further functionalization. To incorporate biotin
into the GNP a 4 mM stock solution of (A-(6-(biotinamido)hexyl)-3”-(2”-pyridyldithio)-
propionamide (biotin-HPDP; Soltech Ventures) in dimethyl sulfoxide was added to the
Tween stabilized GNPs so that the final concentration of biotin-HPDP was 0.5 mM, and the
mixture incubated at room temperature for 4 hr. The biotinylated GNPs were then dialyzed
using12 kDa molecular weight cutoff tubing against water to remove excess unreacted
biotin-HPDP and stored for further use.

For the carbodiimide chemistry coupling method, carboxylic groups were introduced to the
surface of GNPs by adding a 10 mM stock solution of mercaptoundecanoic acid in ethanol
(MUDA,; Asemblon) to Tween stabilized GNPs to a final concentration of 0.5 mM, followed
by stirring the solution for 12 hrs at room temperature. The biotinylated GNPs and MUDA
coated GNPs were dialyzed against water to remove free MUDA. Additionally GNPs
containing varying concentrations of surface biotin were synthesized using MUDA as the
stabilizing reagent. For this, the final concentration of MUDA was fixed at 0.5 mM, while
biotin-HPDP was added at 50 pM for 1:10 biotin:MUDA GNPs and at 25 uM for 1:20
GNPs. Both biotin-HPDP and MUDA were added to the stabilized GNPs at the same time,
and the reaction was allowed to proceed for approximately 12 hrs.

2.2. Biotinylation of Catalase

The biotinylation of catalase was done using succinimide chemistry. Briefly, to a 2 mg/mli
catalase (Calbiochem) solution in 100 mM HEPES buffer, pH 8.0, was added biotin-N-
hydroxysuccinimide (BNHS; Vector Labs) at 25 mg/ml in DMSO so that the final
concentration of BNHS was 10 wt% of the enzyme to be biotinylated. The mixture was
stirred occasionally for 3 hours, after which time 10 .l of 16.4 M ethanolamine was added
to stop the reaction by reacting with any free biotin-NHS. The biotinylated catalase was
dialyzed against 1 liter of 200 mM HEPES buffer, pH 8.0, with three buffer changes.

2.3. Coupling of catalase to the GNP surface via biotin-streptavidin binding

Purified biotinylated GNPs were dialyzed against HEPES prior to catalase coupling.
Biotinylated GNPs in HEPES were treated with a threefold excess of streptavidin
(Invitrogen; 100 wM) in 50 mM MES buffer, pH 5.5, for 3 hrs at room temperature. Excess
streptavidin was used to avoid any crosslinking between biotinylated GNP particles. In order
to remove any unbound streptavidin that may interact with biotinylated catalase, the
streptavidin coated GNPs were subjected to three centrifugation and HEPES buffer wash
cycles. To these particles biotinylated catalase (GNP:biotinylated catalase, 3:1 vol%) was
added and permitted to bind for 3 hrs at room temperature. The resulting bioconjugated
GNPs were centrifuged and washed with HEPES thrice and used as such.
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2.4. Coupling of catalase to GNPs via carbodiimide chemistry

MUDA coated GNPs were dialyzed against 50 mM MES buffer, pH 5.5. A mixture of 17 |
of 100 mM 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC; Thermo Scientific) and
63 .l of 50 mM N-hydroxysuccinimide (NHS; Thermo Scientific) in MES buffer was then
added to 500 I of MUDA coated GNPs. The reaction was allowed to proceed for 15-20
min, after which time 0.8 I of B-mercaptoethanol was added to quench the unreacted
excess EDC. The concentration of p-mercaptoethanol was then reduced to less than 5 mM
by adding 1.75 ml of HEPES buffer, pH 7.4 containing varying concentrations of catalase.
Conjugation via amide linkage was allowed to occur for 3 hrs at room temperature. Catalase
conjugated GNPs were then centrifuged at 12,500 rpm for 10 min in an Accuspin centrifuge
(Fisher Scientific) and washed thrice with 100 mM HEPES buffer, and used as such for
further studies.

2.5. Characterization of nanoparticles

Biatinylation, streptavidin coating, binding of catalase, and the various steps of
carbodiimide chemistry were followed by the change in the surface plasmon resonance peak
using UV-Vis spectroscopy. Dynamic light scattering (DLS) was also used to observe
changes in particle size with conjugation/functionalization. Transmission electron
microscopy (TEM; Jeol 2010) was used to confirm the presence of enzyme over the surface
of the GNPs. Staining of the particles was carried out using 2% phosphotungstic acid
(Sigma), pH 7.4 (neutralized using 1 M potassium hydroxide). The presence of active
catalase over the surface of GNPs was determined using the o-phenylene diamine assay
(OPD assay; Sigma). Briefly, catalase conjugated GNPs were centrifuged, washed, and
resuspended in PBS at pH 7.4. To the GNP-catalase, 3 ml of 2 mM H,0, was added.
Aliquots of 150 pl were removed at 1 min intervals over 5 min and the reactive oxygen
product assayed using 100 pl of 40 .M OPD and 20 p.l of 3 .M horseradish peroxidase
(HRP; Calbiochem). The change in absorbance of o-phenylene diamine (OPD) at 490 nm,
characteristic of the quantity of hydrogen peroxide remaining was measured and plotted as a
function of time. The rate was calculated from the initial linear phase of the reaction.

2.6. In vivo injection and characterization of catalase bound GNP activity

To test the feasibility of injecting catalase bound GNPs into a mouse, we first tested the
stability of our particles in mouse blood ex vivo. Both carbodiimide and biotin-streptavidin
protocol synthesized GNP-catalase in buffer was added to mouse blood at a 1:40 dilution to
approximate the dilution that would be obtained when injecting 50 I of particles into the
~2ml of blood found in a mouse. The GNP-catalase-blood mixture was incubated at 37°C.
Blood samples were taken every 15 minutes for 90 minutes. For each time point, RBCs were
collected by centrifugation at 10,000rpm for 10 minutes and catalase activity in the plasma
was measured in the plasma. For /n vivoinjection, 50 wl of 1 mg/ml of biotin protocol based
GNP-catalase in HEPES buffer was injected into the retro-orbital sinus of mice. At time
points of 5, 10, 30, and 60 min following injection 50 I of blood samples were collected
from the opposite retro-orbital sinus into tubes containing 100 units/ml heparin. In order to
assay catalase in blood samples, red blood cells (RBCs) were removed from the serum via
centrifugation (10000 rpm, 10 min); conditions that are known not to remove GNP-catalase.
In triplicate for each mouse and time point, 5 .l of supernatant plasma was exposed to 195
pl of 1.5 mM H,0, for 2 minutes at room temperature. 110 .l of each H,O5/plasma
solution was then added to an assay well on a 96 well plate containing 75 .l HRP and 15 pl
OPD and incubated for 5 min at room temperature. Absorbance was then measured at 590
nm to quantify catalase activity. For these animal studies, we complied with institutional
ethical use protocols.
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3. Results and Discussion

3.1. Demonstration of biotinylation of GNPs

Monodispersed GNPs synthesized via the Turkevich method were characterized in terms of
size and their surface plasmon resonance (SPR) peak using dynamic light scattering and
UV-Vis spectrometry. The size of GNPs was determined to be 9-11 nm showing a SPR
peak at 525 nm. Using these parameters, the concentration of GNPs was calculated using the
number density relationship equation as described by Haiss et al [34] to be about 10 nM.
Biotinylation of GNPs was followed by measuring pyridine-2-thione release at 353 nm.
Although preliminary studies of GNP biotinylation with biotin-HPDP showed product
formation (result not shown), agglomeration to micron sized particles was observed. This
was indicated by a time dependent red shift and subsequent broadening of the GNP SPR
peak from 525 nm to about 683 nm. Agglomeration of biotinylated GNPs has been shown to
be caused by hydrogen bonding between the inter-particle biotin molecules [35].

In order to avoid agglomeration associated with inter-particle hydrogen bonding, MUDA
was added in varying ratios. We synthesized GNPs containing biotin:MUDA ratios of 1:10
and 1:20 (molar ratio). The negative charge on the surface of GNPs caused by deprotonation
of the carboxylic groups provides sufficient repulsion between nanoparticles. For example,
figure 2 shows the UV-Vis profiles of a 1:20 biotinylated GNP system at increasing reaction
times. As seen in figure 2, the absorbance of pyridine-2-thione at 353 nm increases over
time indicating the coupling of biotin to the GNP. Additionally, the GNPs undergo a red
shift from 525 nm to 552 nm during the reaction indicating particle size increase (see below)
and some minor agglomeration. The biotinylated GNPs were then dialyzed to remove
unreacted biotin-HPDP and used for further analyses.

The stability of biotinylated GNPs in the presence of tethered MUDA of differing ratios was
analyzed to determine the working range of pH for coupling. Figure 3 shows the DLS size
change of 100 % MUDA coated GNPs and 1:10, and 1:20 biotin:MUDA coated GNPs at
different pHs. As observed from figure 3, the particle size/agglomeration of the GNPs
decreases with increasing MUDA content for all pHs. The increase in MUDA content leads
to increased negative charge of the GNPs at higher pH, thereby enabling the stabilization of
the biotinylated GNPs. Therefore, the more MUDA over the surface, the more stable the
biotinylated particles. Although an increase in pH should result in more deprotonation and
subsequent stabilization of MUDA coated GNPs, Aslan et al. [36] reported a similar effect
of agglomeration as shown in Figure 3. At longer time periods (>5 hrs), a fraction of larger
sized peaks in the micron size range appeared due to continuous agglomeration, and these
larger agglomerates precipitating out of solution. In order to avoid issues of particle
aggregation at higher standing periods, we carried out streptavidin coating of the particle
suspended buffer solutions immediately, which in turn stabilized the particles from
aggregation. We chose 1:20 GNPs as the system for additional studies as it was stable
enough for streptavidin binding and subsequent coupling of catalase.

3.2. Demonstration of streptavidin binding to biotinylated GNPs

The reactive availability/affinity of biotinylated GNP to undergo biomolecular binding to
streptavidin was analyzed using UV-Vis spectroscopy. Streptavidin has four binding sites
and a hydrodynamic diameter of 5 nm. Based on the surface area availability from a 10 nm
sized GNP, a maximum of ~16 streptavidin molecules can coat a biotinylated GNP. In other
words, for a 10 nM concentration of GNP solution that is biotinylated, a 160 nM streptavidin
concentration can be estimated as being needed for coating all GNPs. In order to confirm the
binding between biotin and streptavidin, which is also an indirect way to confirm the
presence of biotin over the surface of GNPs, a low concentration of 9 nM streptavidin in
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MES buffer was added to the 1:20 GNPs. This low concentration of available biotin binding
sites (36 nM available biotin binding sites) was less than the total amount of biotinylated
GNPs and should cause crosslinking between the biotinylated GNPs (with streptavidin being
the crosslinker). As observed in Figure 4, at the initiation of binding, biotinylated GNPs
exhibit their characteristic SPR peak value at 526 nm similar to that of the non-biotinylated
GNP control sample (100% MUDA coated GNPs; right image of the inset). With time,
biotin-streptavidin binding occurred and led to crosslinking between particles as indicated
by the broadening of the spectra (0-2 hours). After 24 and 48 hours, all the streptavidin
appeared bound as evidenced by no further crosslinking and the settling of agglomerated
crosslinked particles leaving a clear solution on the top (left image of the inset). This
confirmed the availability of biotin over the surface of GNPs for coupling with biotinylated
catalase via intermediate streptavidin binding. However, the agglomeration under these low
streptavidin concentrations precluded them for use for catalase coupling. Instead, using
excess streptavidin (100 M) provides an increased number of available biotin binding sites
and results in a decreased probability of adjacent biotinylated particles crosslinking (black
dotted absorbance profile). In other words, the streptavidin concentration was high enough
to coat the entire biotinylated surface of GNPs, thereby avoiding interparticle biotin-
streptavidin crosslinking. These streptavidin coated GNPs were then treated with
biotinylated catalase, synthesized as described in methods. An assay of biotinylation (Quant
Tag Biotin Kit, Vector Labs) gave a value of 128 nmoles of biotin/mg of catalase (~30
nmols biotin/nmol catalase). Similar to the binding between the biotin of the biotinylated
GNP and streptavidin, binding between the binding sites of streptavidin and the biotin in
biotinylated catalase was used for the coupling reaction.

3.3. Confirmation of the presence of active catalase over biotin-streptavidin protocol GNPs

Streptavidin coupled catalase-GNPs were assayed for catalase activity by measuring the
oxidation of OPD at 490 nm in the presence of H,O, and horse radish peroxidase. One unit
of catalase activity (U) is defined as the amount of enzyme cleaving 1 umol of H2O5 in one
minute. The activity of catalase was 44,350 U and 41,600 U before and after biotinylation,
respectively, showing that biotinylation per se did not significantly affect catalase activity,
which is similar to the result obtained by Muzykantov et al. [37]. Table 1 shows the activity
for catalase bound to the surface of GNPs via the biotin-streptavidin interaction. Non-
biotinylated catalase was used as the control. Very little non-specific adsorption of catalase
to streptavidin coated GNPs is observed. As the amount of biotinylated catalase increased,
an increase in the activity of catalase-bound GNPs was observed, which leveled off
presumably due to the saturation of the GNP surface.

The enzymatic effect of coupling biotinylated catalase to streptavidin coated GNPs was also
studied by binding 20 pl of biotinylated catalase (2 mg/ml; 41600 U) to streptavidin coated
GNPs. The activity of the free catalase in the supernatant and bound catalase to the GNP
pellet after centrifugation and washing was determined to be 15575 U and 25600 U (16 pU/
GNP), respectively. Their combined activity adds to a total of 41175 U, which is within
experimental error of the input biotinylated catalase activity. So, the binding of biotinylated
catalase to GNPs via biotin-streptavidin binding did not appear to result in any significant
loss of enzymatic activity.

3.4. Activation of MUDA coated GNPs to bind catalase via carbodiimide chemistry

In the case of coupling catalase to GNPs using carbodiimide chemistry, catalase was
coupled to the GNPs through the reaction of its amino groups with EDC activated esters of
MUDA carboxylic acids on the GNP surface. As shown in Figure 5, MUDA coated GNPs
exhibited a characteristic surface plasmon resonance (SPR) peak value at 530 nm. With the
addition of EDC and NHS, carboxyl groups were converted into thioesters that resulted in
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slight aggregation indicated by the red shift of the SPR peak value to 621 nm. The addition
of catalase to the activated particles led to the formation of an amide bond between the
amino groups of catalase and the activated carboxyl group of MUDA coated GNPs. The
catalase coated particles showed a characteristic Soret iron (111) heme structure absorbance
peak at 406 nm confirming the attachment of the enzyme [38]. Shoulder peaks of activated
GNPs are also visible in the catalase spectra.

3.5. Confirmation of the presence of active carbodiimide coupled catalase on GNPs

The OPD assay was used to determine the amount of active catalase bound to GNPs through
carbodiimide chemistry. Table 2 shows the activity for amide bound catalase to the surface
of MUDA coated GNPs. Using the carbodiimide chemistry, we achieved catalase coated
GNPs, similar to that of the biotinylated GNP protocol with minimal non-specific catalase
adsorption onto the particle. As expected, as the concentration of catalase increased, the
attachment of catalase via amide linkage to the GNP surface also increased. Saturation of
catalase occurred as indicated by a constant activity with increasing added catalase. The
enzymatic effect of covalently binding catalase to GNPs via an amide linkage was studied
by binding 20 pl of catalase (2 mg/ml; 44,350 U) to MUDA coated GNPs. The activity of
free unbound catalase in the supernatant and bound catalase to the GNP pellet was
determined to be 8,150 U and 25,075 U (10 wU/GNP) respectively. The combined activity,
which comes to a total of 33,225 U, is somewhat less than the activity of the input catalase.
Assuming unbound catalase in the supernatant had no activity loss, it is estimated that the
bound catalase exhibited minimally 70% activity.

3.6. Size and stability analysis of the catalase bound GNPs

TEM analysis of the active particles was compared to that of the Turkevich reduced GNPs.
Citrate reduced GNPs (Figure 6A) showed minimal presence of an amorphous layer over its
surface indicative of the charge stabilization of the particle provided by citrate ions. In the
case of the biotin-streptavidin affinity based active GNP an amorphous layer of thickness ~
6.5 nm was observed (Figure 6B). Although the size of catalase and streptavidin together is
> 6.5 nm (hydrodynamic diameter of catalase is around 9 nm [39], while for streptavidin it is
5 nm), the TEM sample of catalase bound via streptavidin to the particle surface is in a
dehydrated form. This amorphous layer of the enzyme is absent in the case of the initial
citrate stabilized GNP. A similar result is observed in the case of catalase bound to GNP via
carbodiimide chemistry (Figure 6C), where the thickness of the amorphous layer is around 4
nm. DLS analysis of the agglomeration as a function of time with catalase bound GNPs was
also done over a period of one week. While, the size of biotin-streptavidin protocol based
GNP-catalase remained stable in the size range of 65-85 nm over a period of one week,
GNP-catalase synthesized using carbodiimide chemistry showed agglomeration to about 400
nm. The agglomeration seen with GNPs containing catalase coupled via carbodiimide
chemistry can be attributed to the fact that the surface MUDA groups are modified to amide
bonds, thereby leading to charge neutralization and subsequent destabilization. With biotin-
streptavidin GNP-catalase, there is free MUDA that can be deprotonated and thus stabilize
the particles via charge repulsion.

3.7. Clearance of GNP-catalase from blood in vivo

Before injecting GNP-linked catalase into a mouse it was first necessary to determine the
activity of the GNP-linked enzyme in mouse blood. This is necessary to determine the
stability of the GNP-catalase in blood as well as the inactivation, if any, of the catalase itself
from factors within the blood. Furthermore, blood removed from the animal could also be
used to determine any basal level of catalase activity in mouse blood. Our results show that
GNP-catalase was stable for at least 90 minutes in blood plasma at 37°C; however, a 20%
reduction in activity was seen within the first time point in the plasma compared to a PBS
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control (data not shown). Following this initial drop in activity there was no additional loss
of catalase activity over the 90 minute test period indicating the GNP-Catalase is stable in
blood.

Knowing the GNP-that catalase activity on GNPs was stable in blood, we injected mice with
50 I of GNP-catalase for /n vivo half life studies. We chose the biotin-streptavidin protocol
GNP-catalase particles for this purpose, since their size was smaller and more stable than
that of the carbodiimide protocol derived GNP-catalase as noted above. Figure 7 shows the
activity of GNP-catalase in blood at various times after injection. The activity/pl plasma at
the initial injection condition is the theoretical rate measured by /7 vitro conditions assuming
the overall volume of blood in mice is 2 ml. On average, mice have about 2 mL of blood;
however, it can vary between 1.5mL and 2.5 mL, indicated by the dotted lines in Figure 7
[40]. The half life in blood was estimated to be around 6 min, likely reflecting
reticuloendothelial system uptake of the GNPs mostly by liver, spleen, and lung [41]. As
previously noted [42], longer blood circulation of GNPs with minimum uptake by the RES
is possible by coating the particle surface with hydrophilic polymers, such as poly(ethylene
glycol) (PEG) derivatives. A detailed study on the effects of PEGylation of enzyme or GNP
on /n vivo half life of GNP bound enzyme/protein will be analyzed, but was beyond the
scope of this study.

3.8. Comparison between the biotin-streptavidin and carbodiimide methods

It is clear that both the biotin-streptavidin binding and carbodiimide chemistry methods
readily attach catalase to the GNP surface. The carbodiimide chemistry protocol produces a
larger amount of active catalase/GNP at saturation than that of the biotin-streptavidin
protocol, which could prove useful for those cases of conjugation where higher loading
capacity is required. In the case of the carbodiimide chemistry protocol, the entire surface
area of MUDA coated GNP (~315 nm?) is available for binding with catalase. Based on a
theoretical approximation, the surface area of 1:20 GNPs occupied by biotin is low (~15
nm2), and only this area is available for streptavidin and subsequent catalase binding. By
increasing the ratio of biotin-HPDP to MUDA, the amount of assembled biotin or available
surface for coupling catalase can be increased at the expense of biotinylated particle
stability. The carbodiimide chemistry derived GNP-catalase showed increased aggregation
with time as compared to biotin-streptavidin derived GNP-catalase which is likely due to
absence of free MUDA. Thus, only the streptavidin derived GNP-catalase was utilized for /n
vivo studies. The aggregation could be reduced or eliminated by using sterically hindering
carboxylic acid thiols such as PEGylated MUDA, thereby making them useful for /n vivo
applications. Also, the biotin-streptavidin protocol requires a two step synthesis procedure
(synthesis of biotinylated catalase and then conjugation), while the carbodiimide chemistry
protocol is carried out in a single step of activation and conjugation. Generalizing, the ideal
procedure needed to bind a protein to GNP surface depends on several factors such as the
effects of biotinylation on activity of the protein to be bound, size of the protein on binding
to the GNP or streptavidin coated GNP, loss of activity with either of the protocols, and the
stability of the final protein bound GNP.

4. Conclusion

Herein, we used the strong biomolecular interaction between biotin and streptavidin or
covalent carbodiimide chemistry to couple catalase to gold nanoparticles. The biotinylation
of GNPs was accomplished using biotin-HPDP. Dynamic light scattering showed that the
interparticle aggregation between biotinylated GNPs decreased with increasing
concentrations of the stabilizing reagent MUDA.. The stability of the particles decreased
with increasing pH. The OPD assay confirmed the presence of streptavidin bound active
biotinylated catalase over GNPs. The different surface plasmon resonance peak values

Acta Biomater. Author manuscript; available in PMC 2012 August 5.
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obtained via UV-Vis analysis confirmed the individual steps involved in the carbodiimide
dependant coupling of catalase to MUDA coated GNPs. The OPD assay confirmed the
presence of bound catalase to GNPs in high yields. The saturation values of activity showed
that there was more active catalase on carbodiimide chemistry coupled GNPs than on biotin-
streptavidin bound GNPs. The enzyme bound particles were stable enough to be used for
studies in mice and exhibited a half life of around 6 min, which likely is a result of the
uptake by the liver, spleen, and lung. Both protocols resulted in the attachment of active
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Figure 1.

Schematic representation of the two approaches involved in the coupling of catalase to gold
nanoparticles.
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Figure 2.

UV-Vis spectra showing biotinylation of GNPs as a function of time. The presence of the
product pyridine-2-thione peak at 353 nm confirms biotinylation of GNPs.
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Figure 3.

Effect of MUDA concentration on stabilizing biotinylated GNPs. DLS data showing the
agglomeration of MUDA GNP, 1:10 GNP, and 1:20 GNP at pH 5.5, 6.5, and 7.5
respectively. As the amount of MUDA to biotin increased (MUDA GNP>1:20 GNP>1:10
GNP), the stability of the particles also increased. (NV=3)
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Figure4.

Kinetic study showing the crosslinking of biotinylated GNP in the presence of low
streptavidin concentration (9 nM) confirming biotin-streptavidin interaction. Also shown as
a dotted line is the non-crosslinked high concentration streptavidin (100 M) coated GNP
profile. Inset shows the initial non-crosslinked dispersed GNPs in the right and the final
crosslinked settled GNPs in the left. Also shown in black dotted line is the streptavidin
coated biotinylated GNPs (using high streptavidin concentration).
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Figurebs.

Normalized UV-Vis spectra of the carbodiimide chemistry protocol confirming the
activation of MUDA coated GNPs and the subsequent attachment of enzyme catalase.
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Figure6.

TEM images showing (A) GN stabilized by citrate ions with the inset showing negligible
amorphous layer, (B) biotin-streptavidin affinity protocol based catalase conjugated GNP
(amorphous layer ~ 6.5 nm), and (C) carbodiimide chemistry protocol based catalase
conjugated GNP (amorphous layer ~ 4 nm). (Scale bar = 5 nm)
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Figure7.

Clearance of GNP-catalase from the plasma of mice showing the half life of GNP-catalase is
around 6 minutes (N=3). The zero time value is calculated theoretically at in vitro conditions
based on a total blood volume of 2 ml in mice. The dotted lines represent the initial activity
range for a 1.5 ml to 2.5 ml total plasma volume range in mice
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Table 1

Increased activity of biotin-streptavidin bound catalase to GNPs with increasing amounts of biotinylated
catalase added to streptavidin coated GNPs.

(Chirra et al. Catalase coupled gold nanoparticles: Comparison between carbodiimide and biotin-streptavidin
methods)

1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Concn. of Biotinylated Catalase | Catalase Activity (wU)/GNP
8 uM (non-biotinylated; control) ~0.05
0.4 uM 17
0.8 M 7
2uM 41
6 LM 65
8uM 66
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Table 2

Activity of the carbodiimide coupled catalase to GNPs increases with increasing concentrations of catalase
until apparent saturation is reached.

(Chirra et al. Catalase coupled gold nanoparticles: Comparison between carbodiimide and biotin-streptavidin
methods)
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Concn. of Catalase used Catalase Activity (wU)/GNP
10 M (no EDC added inactive GNPs; control) ~0.02
0.01 pM 0.4
0.1uM 7
1M 93
5uM 125
10 pM 131
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