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ABSTRACT: Tyrosine hydroxylase (TH) is the enzyme catalyzing the rate-
limiting step in the synthesis of dopamine in the brain. Developing enzyme
replacement therapies using TH could therefore be beneficial to patient
groups with dopamine deficiency, and the use of nanocarriers that cross the
blood−brain barrier seems advantageous for this purpose. Nanocarriers may
also help to maintain the structure and function of TH, which is complex
and unstable. Understanding how TH may interact with a nanocarrier is
therefore crucial for the investigation of such therapeutic applications. This
work describes the interaction of TH with porous silicon nanoparticles
(pSiNPs), chosen since they have been shown to deliver other macro-
molecular therapeutics successfully to the brain. Size distributions obtained
by dynamic light scattering show a size increase of pSiNPs upon addition of TH and the changes observed at the surface of pSiNPs
by transmission electron microscopy also indicated TH binding at pH 7. As pSiNPs are negatively charged, we also investigated the
binding at pH 6, which makes TH less negatively charged than at pH 7. However, as seen by thioflavin-T fluorescence, TH
aggregated at this more acidic pH. TH activity was unaffected by the binding to pSiNPs most probably because the active site stays
available for catalysis, in agreement with calculations of the surface electrostatic potential pointing to the most positively charged
regulatory domains in the tetramer as the interacting regions. These results reveal pSiNPs as a promising delivery device of
enzymatically active TH to increase local dopamine synthesis.
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■ INTRODUCTION

Tyrosine hydroxylase (TH) is a tetrameric enzyme that
belongs to the family of the tetrahydrobiopterin (BH4)-
dependent aromatic amino acid hydroxylases.1 TH catalyzes
the hydroxylation of L-Tyrosine (L-Tyr) to L-3,4-dihydrox-
yphenylalanine (L-DOPA or levodopa), which is the rate-
limiting step in the synthesis of dopamine and other
catecholamine neurotransmitters.2 Dysfunctional TH activity
is associated with diseases such as TH deficiency,3 Parkinson’s
disease (PD),4 and neuropsychiatric disorders.5,6 The tradi-
tional treatment of PD, e.g., the oral administration of
levodopa, has been linked to undesirable side effects, such as
dyskinesia. Other treatments include invasive surgeries like
deep brain stimulation, which is often effective but includes a
high risk of fatal complications of the surgery.7 A gentler and
more controlled approach to induce production of L-DOPA in
situ in the brain is enzyme replacement therapy (ERT), for
example, the delivery of TH across the blood−brain barrier
(BBB) using an appropriate nanoparticle (NP) carrier.8

One of the main challenges for the preparation of ERT
therapeutics, however, is the need to stabilize the enzyme,
which is especially relevant in the case of TH, as this enzyme

tends to aggregate and lose activity at 37 °C.9 Upon interaction
with phospholipid monolayers and bilayers, TH aggregates in
an amyloid-like manner, causing in turn disruption of cell
membranes and compromising cell viability.10 In previous
work,11 we have shown that nanoparticles (NPs) consisting of
maltodextrin with a lipid core could be used to absorb
functional TH, contributing to stabilization of the enzyme and
enhancing its uptake by SH-SY5Y neuroblastoma cells and
brain tissue. Although these NPs cross a model of the BBB,12 it
would also be interesting to investigate interactions of TH in a
more readily modifiable and biodegradable NP.
Porous silicon nanoparticles (pSiNPs) are versatile nano-

carriers with several advantages; their properties are highly
tunable as they are synthesized using electrochemical
perforation etching where the pore size, porosity, and particle
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size can be controlled by the parameters of the etching
procedure.13 pSiNPs can be modified post synthesis using
different surface modifications including oxidation, chemical
grafting, etc.14 These pSiNPs degrade into silicic acid, which is
the biological form of silicon and an element naturally present
in human tissues that has been implicated in the maintenance
of bone mineral density.15−17 Since the development of porous
silicon as a biosensor in 1997,18 the internalization of proteins
into porous silicon films19−23 or microparticles24−26 and their
various applications have been developed and investigated.
Furthermore, in vivo biodistribution of pSiNPs, studied after
intravenous injection, into mice showed some silicon content
in the brain, suggesting that these pSiNPs enter the brain.27

pSiNPs have successfully delivered siRNA to the injured brain
of mice after they had been modified to improve the
targeting.28 Recently, proteins such as lysozyme29,30 and the
antibody FGK4531 have been loaded into pSiNPs; thus, these
NPs are valuable candidates as nanocarriers of proteins with
the potential to be used in drug delivery. Learning more about
how proteins, in general, and TH, in particular, can interact
with these potential nanocarriers is therefore important.
TH is a homo-tetramer with each subunit consisting of a

catalytic, regulatory, and tetramerization domain. The structure
of full-length TH is not available yet, probably due to the large
number of intrinsically disordered and flexible regions, but the
crystal structure of the catalytic and tetramerization domains
and the NMR structure of the regulatory domain are
known,32,33 which has provided a small-angle X-ray scattering
(SAXS)-based full-length solution structure.9 The isoelectric
point (pI) of purified recombinant TH has been measured to
be around 5.5−5.8,34 rather similar to the theoretically
calculated by the web-based software ExPASy ProtParam (pI
5.75). Thus, the net surface charge of TH is expected to be
negative at neutral pH and it is therefore easily loaded onto
positively charged NPs such as maltodextrin nanoparticles.11

As pSiNPs are negatively charged, protein loading can best be
achieved under or around the isoelectric point of the protein,
where the protein is positively charged or neutral.35 TH has,
nevertheless, been shown to bind to negatively charged
membranes at both pH 6 and 7 through its N-terminal
regulatory domain, a binding that has been associated with the
interaction with exposed positively charged residues.36−38

In this study, we investigated the interaction between the
complex, unstable, and flexible TH protein with the inorganic,
rigid pSiNPs, an interaction that is expected to be mainly
directed by electrostatics. We investigated the effect of pH on
the binding of TH to pSiNPs, as well as the effect of
incorporation of TH onto NPs on the conformation,
aggregation, and enzymatic activity of TH.

■ METHODS

Expression and Purification of Recombinant TH.
Human TH, isoform TH1, was expressed and purified as
described.9 Briefly, TH was expressed in Escherichia coli and
purified as a fusion protein with a his-tagged maltose-binding
protein (MBP) using TALON Superflow Metal Affinity Resin,
then cleaved with tobacco etch virus (TEV) protease, and
tetrameric TH was isolated by size exclusion chromatography
and stored in liquid nitrogen. Before all experiments, a TH
aliquot was thawed, diluted to ca. 2 mg/mL, and centrifuged
15 min at 4 °C and 20 000g to remove aggregates formed
during storage or freezing/thawing. The concentration of TH

in the supernatant was measured using Direct Detect (Bio-
Rad).

Preparation of pSiNPs. pSiNPs were prepared using
electrochemical etching of silicon wafers and ultrasonic
fracture, as described earlier,13 and the resulting nanoparticles
were stored in ethanol. Briefly, highly boron-doped (p++-type)
silicon wafers were anodically etched in an electrolyte of 3:1
(v:v) of 48% aqueous HF:ethanol. The etching waveform
consisted of alternating pulses of lower current density (50
mA/cm2 for 1.8 s) and higher current density (400 mA/cm2

for 0.36 s). This waveform was repeated for 140 cycles,
generating a porous silicon film with alternating layers of high
and low porosity. The porous silicon film was removed from
the wafer by applying a low current density of 3.7 mA/cm2 for
250 s in an electrolyte consisting of 1:10 (v:v) of 48% aqueous
HF:ethanol. The freestanding porous silicon film was placed in
ethanol in a sealed vial and fractured by ultrasonication (50T
ultrasonic water bath, VWR International) for 12 h, and the
resulting nanoparticles were collected by centrifugation
(Eppendorf centrifuge model 5424R, 12 000 rpm for 10
min) and then redispersed in ethanol and stored at room
temperature (RT) as a stock solution. To obtain the
concentration of pSiNPs, 100 μL fractions of the stock
solution were evaporated in a fume hood at RT for 24 h. The
Eppendorf tubes were weighed before adding the solution,
after adding the solution, and after evaporation, and the
concentration was calculated from the weight difference.

Dynamic Light Scattering (DLS). The size of pSiNPs was
analyzed by DLS, performed on a Zetasizer Nano ZS
instrument (Malvern Panalytical), using a HeNe laser at 633
nm and a fixed scattering angle of 173° (back scatter).
Measurements were performed in normal resolution mode at
automatic run repetition and at room temperature in a 12 μL
quartz cuvette, after a 1:10 000 dilution in either ethanol or 5
mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) pH 6.0 or 7.0, 50 mM NaCl with final concentration
of 0.63 μg/mL of pSiNPs. The time-dependent stability was
evaluated under the same conditions but using ZEN0040
disposable cuvettes, with 200 s intervals between preset
measurements of 10 runs of 10 s each. The comparison of the
interaction with TH at pH 6 and 7 was performed using 0.2
mg/mL TH and a 1:5000 dilution of pSiNPs (final
concentration of 1.26 μg/mL pSiNPs) in 5 mM HEPES and
50 mM NaCl with automatic run repetition. Data analysis was
performed on intensity curves and the Z-average size using the
Malvern DTS software (Malvern Panalytical).

Thioflavin-T (ThT) Fluorescence. TH was incubated with
20 μM ThT in the presence or absence of 1:10 000 pSiNPs in
5 mM HEPES pH 6.0 or 7.0, 50 mM NaCl at RT. ThT
fluorescence, with excitation at 440 nm and emission at 482
nm, was recorded in a 96-well plate every 5 min for 18 h at RT
on a Synergy H1 Hybrid Reader (BioTek). Samples with only
pSiNPs were used as controls and data are presented as
averages of three parallel measurements. Blank measurements
of buffer with corresponding pH were subtracted from the data
sets.

Transmission Electron Microscopy (TEM). Sample
preparation for TEM was done as following: 100 μL of a
1:1000 dilution of pSiNPs (6.3 μg/mL) alone or with 0.1 mg/
mL TH and a 0.1 mg/mL TH control were incubated in an
Eppendorf tube for 1 h at RT. 3 μL were carefully added onto
a carbon-coated 300 mesh copper grid and left for 1 min
before excess liquid was removed with tissue paper. Samples
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were negatively stained twice with 3 μL 2% uranyl acetate for
30 s each time. Images were obtained with a JEM-1230 (Jeol)
TEM using 80 keV, and images were taken at 150×
magnification giving 8 Å/pixel.
TH Activity. Enzymatic activity of TH was measured as

described earlier,11 with minor modifications. Briefly, TH (0.01
mg/mL) was preincubated at 37 °C with 1% bovine serum
albumin (BSA) (w/v) in 5 mM HEPES pH 6.0 or 7.0, 50 mM
NaCl in the absence or presence or absence of pSiNPs at
1:10 000 dilution. Aliquots of 5 μL were taken out either
immediately after mixing or after 1.5 and 24 h and incubated
for 1 min in a standard reaction mixture and then assayed for 5
min. The amount of L-DOPA was measured by high-
performance liquid chromatography (HPLC) analysis with
fluorescence detection. Controls of only pSiNPs at pH 6.0 and
7.0, and blank measurement of only buffer, showed no activity.
Data are presented as an average of three parallel measure-
ments.
Surface Electrostatic Potential Calculations. Structural

analysis of TH surface electrostatics was performed at different
pH values with the PDB2PQR web service,39−41 on the SAXS-
derived TH model9 with the AMBER force field and using
PROPKA to assign protonation states at different pH values.
The resulting.pqr file was loaded into PyMOL (Schrödinger
software, version 2.2.2) and visualized using the APBS
Electrostatics plugin.

■ RESULTS AND DISCUSSION

Size Distribution and Stability of pSiNPs Studied by
DLS. We characterized the size of pSiNPs using DLS and
found that the apparent hydrodynamic diameter of pSiNPs has
a peak in the size distribution at 164 nm when diluted 1:10 000
in ethanol and 220 and 255 nm in buffer at pH 6 and 7,
respectively (Figure 1A). The pSiNPs were stored in ethanol
after synthesis and their size remained stable at RT with a Z-
average diameter of 180 ± 8 nm (Figure 1B). At pH 7 buffer,
the Z-average diameter was stable at 206 ± 15 nm, whereas in
pH 6 buffer, the size increased steadily from 225 ± 21 to 273 ±
20 nm over a period of 12 h (Figure 1B).
Porous silicon can be readily oxidized by OH− present in

aqueous buffers; thus, the silicon in the outer layer of pSiNP
pore walls will form a SiO2 shell which can be further oxidized
into dissolvable silicic acid (Si(OH)4). This process is
temperature and pH dependent, with higher rates at higher
pH and at higher temperatures.14,42 pSiNPs were chosen
specifically for their ability to break down in aqueous solution,
and this process is expected to give an increased diameter due
to the first step of the degradation where the expansion of the
pore walls accommodates the extra oxygen species during the
mild oxidation by OH− in the buffer. The diameter would
eventually decrease due to the second step of the degradation
where silicon oxide dissolves into silicic acid. The initial

Figure 1. Size distribution and time-dependent stability of pSiNPs studied by dynamic light scattering. Representative size distribution of pSiNPs
by intensity (A) at 1:10 000 dilution in ethanol (black) or 5 mM HEPES, 50 mM NaCl at pH 7 (green) or pH 6 (red) at initial dilution, at room
temperature. Time-dependent stability (B) of the Z-average diameter of pSiNPs at 1:10 000 dilution in ethanol (black) or 5 mM HEPES, 50 mM
NaCl, pH 7 (green) or pH 6 (red), with linear regression as solid black lines. Data points are the average of three independent experiments.

Figure 2. Size distribution of TH and its interaction with pSiNPs studied by dynamic light scattering. Intensity-based size distribution of 0.2 mg/
mL TH (red), 1:5000 diluted pSiNPs (green), and both (black) at pH 6 (A) and pH 7 (B), at room temperature. The data are presented as mean
of three replicates of representative loading experiments.
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difference in the diameter of pSiNPs in ethanol or the buffer
solutions occurs very rapidly and cannot be captured by DLS
as each measurement takes about 2 min. This difference could,
however, be due to variations in the hydrodynamic shell of the
solvent around pSiNPs. Another possibility is that the ions
present in the buffer induce stacking or agglomeration of
pSiNPs, since they have a rather flat but irregular shape.13 This
agglomeration effect increased with increasing ion concen-
trations, indicating that electrostatic interactions between the
solvent and pSiNPs are crucial for their stability.
Size Distribution of Human TH and Its Interaction

with pSiNPs. We attempted to load TH onto nanoparticles
and evaluated if the enzyme could bind on the surface or
within pSiNPs. Preliminary experiments showed little differ-
ence in Z-averages and size distributions between pH 5, 5.5,
and 6 (data not shown). Since TH is known to lose its
enzymatic activity gradually at pH values smaller than 7 for the
human isoform 1 of TH,43,44 we selected pH 6 as the lowest
pH value to study the loading of the enzyme onto NPs. With a
pI of 5.5−5.8, TH is expected to have a net negative charge at
pH 7 and be almost neutral at pH 6. TH is, however, known to
bind to negatively charged membranes through positively
charged residues exposed on its regulatory domain. We
therefore expected that the interactions between TH and
pSiNPs would also happen through the regulatory domain of
TH and would be more efficient at pH 6 than at pH 7 due to
more favorable interactions with the negative surface charge of
pSiNPs.
As measured by DLS, TH shows a size distribution with a

peak around 10 nm, corresponding to the size of its tetrameric
form,9 and observed in the intensity-based size distributions at
both pH 6 and pH 7 (Figure 2). TH also shows a peak
corresponding to the aggregated forms of a larger diameter of
190 nm at pH 6 (Figure 2A).
We previously studied the uptake of TH onto maltodextrin

NPs by DLS, following the disappearance of free tetrameric
TH from solution and the concomitant increase in size of the
NPs as indicated in the size distribution scans.11 Upon
addition of TH (to a final concentration of 0.2 mg/mL) to
pSiNPs (with a final concentration of 1.26 μg/mL) and
incubation for 1 min at RT, at either pH 6 or 7, we observed a
large decrease of free TH (diameter 10−11 nm), both at pH 6
and pH 7 (Figure 2). A small increase of the pSiNP size (shift
of the peak from 235 ± 54 to 322 ± 117 nm) was observed at

pH 7 (Figure 2B). At pH 6, the size of pSiNPs alone partly
overlapped that of aggregated TH, and DLS could thus not
differentiate loaded NPs from aggregated TH (Figure 2A).

Aggregation Propensity of TH Measured by Thio-
flavin-T (ThT) Fluorescence. We investigated the tendency
of TH to aggregate and the effect from pSiNPs on the rate of
aggregate formation by monitoring the fluorescence from ThT,
a dye that binds to cross-β interaction characteristic of
amyloid-like aggregation.45 It has been suggested that all
proteins have a tendency to undergo this type of aggregation at
certain conditions,46 as has been previously shown for TH.10

TH is most stable at neutral pH43,44 and its aggregation is
stimulated by interactions with lipid mono- and bilayers,10

whereas TH aggregation is prevented by loading into
maltodextrin nanoparticles.11

TH induces an increase in ThT fluorescence, which is more
prominent at pH 6 than pH 7, and this increase is further
accelerated by the presence of pSiNPs. The increase is more
pronounced at pH 6 than at pH 7 (Figure 3). It seems that
pSiNPs act as nucleation points for TH aggregation, which is
not an unusual property of nanoparticles, as the nanoparticle
surface locally increases protein concentration, promoting
oligomer formation by reducing the lag phase in fibril
formation.47 Porous silicon is known to induce nucleation
and is a suitable surface for protein crystallization.48 It is also
known that proteins often aggregate at the pI,49 which can
explain the higher rate of TH aggregation observed at pH 6
compared to pH 7 (Figure 3A,B).

Imaging pSiNPs, TH, and TH:pSiNP Complexes by
TEM. TEM was used to investigate the interaction of TH with
pSiNPs by following structural changes to the surface of
pSiNPs that could be attributed to complex formation. The
extensive aggregation of TH observed at pH 6, and its
amplification in the presence of pSiNPs (Figure 3A) precluded
the TEM study at pH 6, and we performed this study at pH 7.
The pSiNPs, TH, and the mixture were diluted in 5 mM
HEPES, 50 mM NaCl at pH 7.0, and incubated at RT for 1 h
with final concentrations of 6.3 μg/mL pSiNPs and 0.1 mg/mL
TH, before being deposited on grids, stained, and imaged.
Control pSiNP samples without negative staining show
irregular shapes possessing a hollow matrix with pores aligned
in the same direction and spanning the whole particle diameter
(Figure 4A). This is in agreement with earlier reports,13 and
the size of the nanoparticles determined by TEM is in

Figure 3. Aggregation propensity studied by thioflavin-T (ThT) fluorescence. Time-dependent ThT fluorescence intensity monitored at 482 nm,
with excitation at 440 nm, for TH alone (red data points and line) or in the presence of pSiNPs diluted to 1:10 000 in 5 mM HEPES, 50 mM NaCl
(black data points and line) at pH 6 (A) and pH 7 (B), at room temperature. Results for pure pSiNPs (no TH protein) are shown in green. The
data are presented as average of three parallel measurements after subtraction of blank measurements.
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correspondence to the DLS results, i.e., around 150−200 nm.
The pSiNPs are found as both isolated particles and clusters of
particles in the TEM images.
The TH:pSiNPs mix was imaged after negative staining with

4% uranyl acetate (Figure 4B), since staining improves contrast
in biological samples such as proteins. The details of the
nanostructure of pSiNPs were lost in the staining, as the uranyl
acetate solution stains everything but the particles, and thus
only the outline of pSiNPs is visible (data not shown). The
addition of TH to pSiNPs also seems to increase the incidence
of NP aggregates and to smooth out the particle surface
(Figure 4B), indicating that the protein resides at the particle
surface. The use of TEM and negative staining facilitates the
visualization of TH on NPs; however, it did not allow us to
evaluate if TH was loaded into the pores of pSiNPs.
Effect of pH and pSiNPs on TH Activity. We also

performed activity assays to see if the interaction with pSiNPs
would have any effect on the enzymatic function of TH. The
activity was assayed in a standard reaction mix at 37 °C with L-
tyrosine, and the amount converted to L-DOPA by TH in the
presence and absence of pSiNPs was determined by HPLC.
TH activity decreased over time and was significantly lower for
preincubations at pH 6 than pH 7, as earlier reported,9,43 but
pSiNPs did not seem to affect the TH activity significantly
(Figure 5). This result is promising, as many enzymes lose
some activity upon binding to nanoparticles, due either to
partial coverage or blockage of the active site or to
conformational changes.50,51

The relatively quick loss of TH activity has been repeatedly
observed previously, both during incubation at neutral pH and
temperatures in the range of 20−37 °C and under turnover,
and has been found to be more pronounced for the purified
enzyme than for partially purified preparations.9,52 The loss of
activity is partially associated with the reduction of conforma-
tional stability,53 which may lead to aggregation and a
nonreversible loss-of-function.10 Moreover, it has been shown
that oxidative modifications at several residues in TH inactivate
the enzyme, where at least the oxidation of thiols in cysteines
at controlled conditions may be reversible.54,55 It appears that
an in vivo environment can prevent inactivation and even
regenerate inactivated TH, which is relevant for the
applicability of NPs as TH nanocarriers, as shown by the
increased L-DOPA production in cellulo after delivery of TH
with maltodextrin NPs.11 Additional TH stabilization is

provided by dopamine, which is a feedback inhibitor and
stabilizer of TH in brain,9,53 and by small molecule stabilizers
with pharmacological chaperone potential.56

Role of Electrostatics on the Binding of TH to pSiNPs.
Finally, we investigated the surface electrostatics of TH in a
structural model. We applied the structural model of full-length
TH derived from small-angle X-ray scattering (SAXS) data as
described,9 based on known structural components, i.e., the
crystal structure of the catalytic and tetramerization domains of
human TH (PDB ID 2XSN; residues 157−497) and the NMR
structure of the regulatory rat ACT-domain (PDB ID 2MDA;
residues 71−156). Ab initio and homology modeling
complemented with molecular dynamics simulations were
used to prepare the model of the flexible N-terminal tail up to
A70, and all domains and regions were combined through a
SAXS-based rigid body modeling.9 The protonation states of
each residue in the model were assigned and the resulting
surface electrostatic potential was visualized (Figure 6A), to
provide insights on enzyme regions that may likely interact
with the oxide surface of pSiNPs, which is negatively charged
above pH 2.57

Actually, in agreement with the pI of TH, which is just
below pH 6, the overall surface electrostatic potential of the
enzyme is mainly negative at pH 7, whereas there are about
equal amounts of negative (red) and positive (blue) patches on
the surface of TH at pH 6 (Figure 6). At both pH values, the
ACT-regulatory domain, corresponding to residues 71−156 in
TH1, is strongly positively charged at the surface oriented
away from the other domains (Figure 6A). The ACT domain
thus appears particularly well suited for binding to negatively
charged pSiNPs (Figures 6B and 7). A similar binding mode
has also been shown for the interaction of TH to negatively
charged membranes,10 allowing the active site to be available
for catalysis also in the bound state.
The regulatory ACT-domain of TH presents ββαββα

topology,58 where the antiparallel β-sheet is formed by the
four β-strands, and the two α-helices are located, in an
antiparallel orientation to each other, on the outer face of this
sheet (Figure 6A and inset A, Figure 7).33 In the dimeric ACT
arrangement, the outer area presents many positively charged
lysine and arginine residues, some of them are protruding from
the outer surface, i.e., R89, K92, R98, K101, R137, and R138,
which contribute to the positively charged surface and to the

Figure 4. Transmission electron microscope (TEM) images of the
interaction of TH with pSiNPs. Representative TEM images of
1:1000 pSiNPs either unstained (A) or with 0.1 mg/mL TH and
negatively stained with 4% uranyl acetate (B), illustrating the
interaction of TH and NPs. Both samples were prepared in 5 mM
HEPES, 50 mM NaCl, pH 7. Scale bars are 100 nm.

Figure 5. Effect of pSiNPs on TH activity. Specific enzymatic activity
of TH in vitro, assayed after preincubation with and without pSiNPs at
either pH 6 or 7, at 37 °C for the indicated time. Data is presented as
the mean of three replicates ± standard deviation (SD). Significance
was tested by a Holm−Sidak test in a one-way analysis of variance
(ANOVA) and * indicates p < 0.001.
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interaction with the negatively charged pSiNP surface (see
insets A, B, Figure 7). In this binding mode, the active site in
the more negatively charged catalytic domain would be
oriented away from the interacting region, as shown in the
close-ups (Insets C, D, Figure 7), and would thus be available
for catalysis. Some previous studies have shown that pH affects
the orientation of the protein bound to silica nanoparticles. For
instance, the model protein cytochrome c binds head-on at low
pH but side-on at higher pH.59

Protein adsorption is not only affected by the protein
properties and the pH of the solution but also influenced by
factors such as temperature, the ionic strength of the solution,
and the adsorbent surface properties including curvature,60

heterogeneity, hydrophobicity,61,62 wettability, and charge.63

Proteins are macro zwitterions, and the distribution of charges
determines the direction of their net electric dipole. Charged
adsorbent surfaces exert a force on the dipole and can thereby
promote a certain orientation, resulting in highly ordered

Figure 6. Effect of pH on the surface electrostatic potential of TH and its binding to pSiNPs. The modeled structure of TH and its surface
electrostatic potential at pH 6 and 7 (A). At the top row, the structural model of full-length tetrameric TH prepared according to Bezem et al.9 is
shown in ribbon representation (colored by monomer and with iron atom in orange), whereas the two rows below show the surface electrostatic
potential at pH 6 and 7, seen from all three orientations. Red and blue indicate negatively and positively charged regions, respectively. Illustration of
pH-dependent interactions with pSiNP surfaces (B). At pH 6, which is the closest to the pI of TH, TH binds more extensively to the pSiNP surface
than at pH 7. At both pH values, the ACT-regulatory domains of TH (residues 71−156) have a positively charged outer surface (blue patch) that is
the most probable region binding to the pSiNP surface, as indicated by the arrows. This orients the mostly negatively charged catalytic domains
away from the surface, favoring an interaction where the TH activity is retained even when bound to the nanoparticle surface.
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layers of adsorbed protein on charged surfaces.64 It has also
been shown that it is possible to control the orientation of an
adsorbing peptide through varying the electric field, either by
pH or an externally applied potential.65 The surface charge
density determines the strength of the electrostatic attraction,
and for enzyme haloalkane dehalogenase, the catalytic activity
was preserved best upon adsorption on intermediate charged
surfaces.63 These examples show that electrostatic interactions
dominate and determine the binding orientation when proteins
are adsorbed onto charged surfaces and thus should be tuned
for keeping the protein functional.
With respect to the penetration of TH into nanoparticle

pores, we might expect that the net negative charge of TH
leads to a general repulsion from the negatively charged
pSiNPs and that the positively charged regulatory domains
only compensate for this as long as the catalytic domains are
not brought too close to pSiNPs. In the structure of tetrameric
TH, the dimeric regulatory ACT-domains are located at each
side and relatively far away from the butterfly-formed tetramer
of catalytic domains (Figure 6A), as they are interconnected by
flexible loops.9 This arrangement suggests that TH does not
penetrate much into the pores of pSiNPs but interacts
primarily at the surface, as depicted in Figure 7.
Potential of pSiNP-Bound TH for Therapeutic

Applications. The results presented in this study must be
regarded as an initial phase in the process toward the
development of therapeutic delivery of TH. Further
optimization of the formulation is required for the stabilization
of TH, its attachment to pSiNPs, and delivery to the brain, and
the approaches to follow would depend on the route of
administration.

Existing ERTs are life-long symptom relief treatments
administered by intravenous injections on a regular basis,
often weekly or biweekly.66 ERT with intravenous injection of
pSiNP-bound TH would require TH stabilization throughout
blood circulation and subsequent uptake in the brain through
the BBB. Since the pH of blood is slightly basic under normal
conditions, the uptake of TH by pSiNPs should be stabilized
especially at pH ≥ 7. This can be done by surface
modifications of the pSiNP pre- or postloading of TH, to
improve loading efficiency, blood circulation time, and cellular
uptake. One promising modification seems to be a coating of
biopolymers, such as the carbohydrates dextran and heparin, or
the extracellular matrix component hyaluronic acid.67 These
polymers easily adsorb onto silicon oxide surfaces through
hydrogen bonding, and a dextran coating has been shown to
improve the blood half-life of pSiNPs.27 The effect of such
types of modifications must be investigated in future work.
Alternatively, functional TH can be provided as an ERT to the
brain through direct delivery using hydrogel implants
containing TH-loaded pSiNPs. There are several reports on
the regeneration of lesions in the CNS through hydrogel
implantation into rat68 or primate69 brain, and these
approaches provide a promising possibility for drug delivery
through composite material.70 Hydrogel implants for PD are a
field of extensive study with regards to cell replacement
therapies, sustained delivery of dopamine, or delivery of
chaperone proteins such as HSP70 (See review by Giordano et
al.71 and references therein). More recently, another protein,
Activin B which is a transforming growth factor, has also been
delivered to the brain of a PD mouse model using an injectable
hydrogel.72 To our knowledge, there are no reports on TH

Figure 7. Possible model for the interaction of TH and pSiNPs. pSiNPs have pores of irregular shape that are aligned parallel to each other. The
pore walls have a core−shell structure with a layer of silicon oxide (SiO2) on top of pure silicon (Si), as shown in the close-up (circled in black).
The oxide layer is negatively charged, onto which TH can adsorb through the positively charged patch on the outer surface of its dimeric regulatory
domains, as shown in the close-ups (insets A, B). The labeled positively charged residues in the outer face of the ACT-domains are the most likely
interacting residues with the pSiNP surface, and those most likely involved in the interaction are shown as sticks (inset A), whereas the surface
charge distribution is shown as an electrostatic heat map of the close-up (inset B). The TH active site in the catalytic domain is oriented away from
the proposed interacting region (insets C, D). The three residues coordinating the catalytic iron (orange) are shown as sticks in inset C.
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delivery to the brain using a hydrogel implantation and
therefore this subject warrants further investigation.

■ CONCLUSIONS
The properties of the interface between a nanoparticle surface,
its payload, and the solvent are important for the interactions
occurring in the loading of a therapeutic protein into a
nanoparticle carrier. The pH, among other characteristics of
the solvent, influences surface charges and can alter this
binding. A better understanding of these interactions can
improve loading and ensure that the therapeutic protein
remains functional. We therefore investigated the relevance of
the electrostatic interactions between pSiNPs and TH, an
enzyme that potentially could be used to treat dopamine
deficiency. TH has a net negative charge but also a well-defined
patch of a positively charged surface in its ACT-regulatory
domain that is oriented outwards, facilitating the binding to
negatively charged surfaces such as that of pSiNPs. The size
increase observed by DLS for pSiNPs upon adding TH appears
in agreement with this orientation of TH upon binding at the
outer surface of pSiNPs. pSiNPs induce more rapid and more
extensive aggregation of TH, especially at pH 6, which we
attribute to a local increase in TH concentration at the
nanoparticle surface such that TH can more effectively form
clusters. TH activity is not decreased significantly by the
binding to pSiNPs, so its catalytic site is still accessible to
substrate, indicating that it is not buried far into the pores of
pSiNPs or conformationally disrupted by the interaction. We
therefore conclude that TH remains functional upon binding
to the pSiNP surface, which most probably happens through
the positively charged patch on the surface of its regulatory
domain.
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