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Transcription factor complex NF-xB (p65/p50) is localized to the cytoplasm by its inhibitor IxkBa.. Upon
activation, the Rel proteins p65/p50 are released from IxBa and transported through nuclear pore to effect
many gene expressions. While inhibitions of up or down stream signal pathway are often ineffective due
to cross talks and compensations, direct blocking of the Rel proteins p65/p50 has long been proposed as a
potential target for cancer therapy. In this work, a nanoparticle/antibody complex targeting NF-xB is
employed to catch the Rel protein p65 in perinuclear region and thus blocking the translocation near the
nuclear pore gate. TAT peptide conjugated on mesoporous -silica nanoparticles (MSN) help non-
endocytosis cell-membrane transducing and converge toward perinuclear region, where the p65 specific
antibody performed the targeting and catching against active NF-kB p65 effectively. The size of the p65
bound nanoparticle becomes too big to enter nucleus. The new approach of anti-body therapy targeting on -
transcription factor with “nucleus focusing” and “size exclusion blocking” effects of the antibody-

www.rsc.org/

conjugated nanoparticle is general and may be applicable to modulating other transcription factors.

Introduction

A key step in all eukaryotic signal transduction mechanisms
involves the translocation of transcriptional factors through
nuclear pores from the cytoplasm into the nucleus to respond
the request of many physiological purposes, with gene
expression, signal transduction, and cell cycle progression.’™
The processing of nuclear localization is usually induced by
trafficking from the cell surface via signaling cascade. In
principle, transcription factors are attractive drug targets
because regulating their activity provides a general method to
alter physiology and pathology at gene level.* However,
modulating transcription factors have been considered to be
undruggable because transcription factors (TF) are not readily
amenable to small molecular regulations.5 On the other hand,
delivering an antibody against TF through a properly designed
nanocarrier for blocking specific transcription factor could be a
viable and versatile approach for its regulation. In fact, this
strategy has been employed in nature in virus attack of host. For
example, STAT] transcription factor residing in cytosol can be
rapidly transported through a nonclassical import mechanism
into nucleus to establish an antiviral state. Ebola virus VP24
protein can precisely block the specialized STAT1 import to
abolish the downstream antiviral activities.’ In this paper, we

This journal is © The Royal Society of Chemistry 2013

propose a general method of wusing surface-designed
nanoparticle to deliver antibody to block the function the
transcription factor, NF-xB.

Nuclear factor-«B (NF-xB) is a transcription factor that enters
the nucleus and initiates transcription of large number
downstream effector genes involved in regulation of immune
responses, inflammation and metastasis.” ® The majority of NF-
B exists as a heterodimer of p65/p50 Rel proteins sequestered
in the cytosol by binding to inhibitory IkBa proteins. The IxBa
protein dissociates from NF-kB upon activation and p65/p50
then translocate into nucleus to start gene expression.” '® Many
types of human tumors have constitutively active NF-xB owing
to dys-regulated signals.'""® Thus, inhibition of NF-xB
activation and its signaling pathways could provide promising
new approaches for cancer chemotherapeutics.'* Blocking NF-
kB as a targeting therapy can cause tumor cells to stop
proliferating, or to become more sensitive to the action of anti-
tumor agents. Strategies based on inhibitors for blocking NF-
B have been reported in either upstream or downstream of the
signaling pathway.'® More than 700 different inhibitors of NF-
B have been reported until now'!. However, inhibitors lacking
high specificity to target protein or interferences from other
signaling systems of the parallel crosstalk make the inhibition
of NF-xB as a therapeutic target often ineffective. Our

J. Name., 2013, 00, 1-3 | 1
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approach is to block the translocation of the specific
transcription factor Rel protein p65/p50 near nuclear pore,
which is analogous to catching a goal-tending ball in a soccer
game, with a p65-antibody-nanoparticle construct.

Q  TAT peptide
=X p65 antibody

~ Polyethylene glycol
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Scheme ). Schematic representation of a smart nanoparticle consisting of
mesoporous silica nanoparticle (MSN) with surface functionalization of NF-kB
p65 antibody and TAT transducing peptide. The smart nanoparticles move near
nuclear membrane and block nuclear translocation of the activated p65 through
steps 1-3.

In reported antibody-based nanotechnology, cellular surface
type of antibody such as human epidermal growth factor
receptor 2 (HER2) is conjugated onto nanoparticles to block or
target surface antigens through immunogenic recognition for
detection/diagnosis, imaging and therapy.'® " However, there
have yet no report on an antibody therapy for blocking the
nuclear transduction event in cytoplasm because antibody have
severe permeability problems to enter cell except by using
cargo delivery or cell-penetrating peptide (CPP) conjugated
antibody.'® We deal with this problem with conjugation of the
p6S antibody on CPP-conjugated nanoparticles. The CPP-
nanoparticle construct will be an effective nanocarrier for
carrying the p65 antibody into cell and focusing towards
nucleus to catch the Rel protein p65. For the nanocarrier, we
choose mesoporous silica nanoparticle (MSN)!*?! for its easy
functionalization, large internal volume for building
multifunctionality.

Cell-penetrating peptide (CPP) such as transactivator of
transcription (TAT) peptide containing a small region of
YGRKKRRQRRR have been explored for promoting cell
penetration and nuclear targeting in vitro.'® #* TAT peptides
conjugated with nanoparticles has been shown to guide the cell
nuclear entering. TAT-functionalized small MSN has been used
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to carry cancer drug into cell nucleus for effective cancer
therapy.”? In our case, we will have MSNs large enough that
they are blocked from entering the nuclear pore.

To achieve a specific inactivation of the Rel protein p65
released from activated NF-kB, we take a strategy of MSN/p65
antibody/TAT peptide complex targeting NF-xB (Scheme I).
The hypothesis is the p65 antibody conjugated nanoparticles
can effectively catch and block the translocation of NF-xB in
the perinuclear region. This would avoid much of the cross-
talks in upstream events. The size of the MSNs-cargo complex
(> 40 nm) would be too big to enter the nuclear pores. Through
size hindrance, one thus intercepts and blocks the translocation
of p65. Taking advantage of the natural propensity of TAT for
nuclear targeting®? and p65 antibody for catching p65 in
perinuclear region, we show this smart nanoparticle can
successfully block TNF-induced NF-kB p65 activity in HelLa
cells and inhibits cell proliferation in HNSCC cells. Our
method is general in that the chemical functionalization of the
nanoparticle can be varied to target other transcription factors,
or focusing on other intracellular organelle to develop new type
of intracellular antibody therapy.

Results and discussion

To synthesize the functionalized MSN (Figure la), we first
attached amine groups on the surface of MSN by reacting with
3-aminopropyltrimethoxysilane (APTMS) to form MSN-
APTMS with an average loading of nitrogen content of
APTMS at 2.6 wt % by elemental analysis.

Step 1. APTMS/ELOH
Step 2. HCHEIOH
Step 8. MAL-PEG-SCM/OMSO

as-synthesized MSN MSN-PEG3 a-MAL

MSN-PEGs.4-Ab-TAT

MSN-PEGs.ax-Ab
Figure 1. Schematic illustration of the conjugation of NF-kB p65 antibody and
Cys-TAT peptide to the surface functionalized MSN. (a) Synthesis of MSN with

MSN-PEGa.a-MAL

heterobifunctional PEG crosslinker (MAL-PEG-SCM). The MAL-PEG-SCM
crosslinker contains a succinimidyl moiety which reacts with the amine group of
MSN-APTMS. (b) The MAL-end of MSN-PEG reacted with the thiol groups of the
antibody and Cys-TAT peptide.

In order to immobilize p65 antibody on MSN, we chose two
polyethylene glycol (PEG) crosslinkers with different lengths,
MAL-PEG~-SCM and MAL-PEG3; 4-SCM, to MSN-APTMS.
The MAL-PEG-SCM crosslinkers reacted with the amine
groups of MSN-APTMS through an active succinimidyl link to
obtain the MSN-PEGs (MSN-PEGs: MSN-PEG,, MSN-
PEGs;4i). Elemental analysis indicated that the APTMS of
MSN-APTMS to PEGyy ratio is about 8 : 1 and the APTMS to
APTMS-PEG; 4 ratio is about 14 : 1. We have checked MSN-

This journal is © The Royal Society of Chemistry 2012



v

Journal Mame

PEG,, and MSN-PEG;s,4 did not induce the nuclear p65
expression without TNF-q treatment, which is comparable to
the control (Figure S1). Also, PEG-modified MSNs did not
affect or interfere with the p65 activation by TNF-a in HeLa
cells. Since different lengths of PEG did not cause any undue
result, we continued the particle functionalization by using the

MSN-PEG3 4.

. 4

i

Figure 2. TEM images of the nanoparticles.

Table 1. DLS measurements of particle size.

For evaluation of immunological efficiency, the p65 antibody
was covalently immobilized with the MAL-end of MSN-
PEG; 4 in different ratios (1:6, 1:12, 1:24) via C-S binding.
(Figure 1b) After the p65 antibody conjugation, the Cys-TAT
peptide was conjugated to fill up the free MAL-end of MSN-
PEGs; 4. MSN-PEGsy4 without antibody coupling was also
directly conjugated with Cys-TAT as a control. The physical
properties of the nanoparticles were characterized by nitrogen
adsorption- desorption isotherms, powder X-ray diffraction
(XRD), FT-IR, TEM, dynamic light scattering (DLS) and zeta
potential (Figure 2, S2-6 and Table 1, S1). Basically, these data
gives well- ordered and surfactant-extracted mesoporous
structure. TEM micrograph shows that the MSN particles
possess well-ordered mesoporous structure and the average
particle size from TEM images are ~ 40 nm (Figure 2). DLS-
determined size indicates slight aggregation in solution (Table 1)
giving size of antibody-TAT conjugated nanoparticle at about
240 nm, but they are still suspended well enough to give long
term stability. MSNs of this size range have been reported for
good cell-uptake.'?

This journal is © The Royal Society of Chemistry 2012
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We then study the effectiveness of the designed nanoparticle
for binding to activated NF-xB p65. Activated NF-xB was
evaluated by using a monoclonal antibody that selectively
recognizes  p65/p50  dimer in  activated NF-«B.
Immunocytochemical staining and Western blotting analysis
were performed for the purpose. An in vitro pull-down assay
was used to test the immunological activity of p65 antibody
attached to the nanoparticle toward its antigen (Figure 3a).

The result indicated that the free p65 level after pull down
decreases as the amount of amtibody content in the MSN-
PEG; 4-Ab-TAT increases. The epitope of the antibody on the
MSN does exhibit pull-down activity against p65. We further
examined the cell viability of the MSN-PEG;4-Ab-TAT by
WST-1 assay and found MSN-PEG;4-Ab-TAT has no
significant cytotoxicity (Figure S7).As shown in Figure 3b,
western blotting was carried out to quantify the p65 level in
HeLa cells. After the treatment, the cell Iysat'es.‘ were harvested
for the p65 level in nucleus and cytoplasm. bATh‘e western blot
results indicated that MSN-PEG; 4-Ab-TATs did not induce
any nuclear translocation of p65 without TNF-a. However,
under the TNF-a treatment, a significant increase of p65 level
appeared in the nucleus in absence of MSN-PEG3; 4~Ab-TATs.
Once the MSN-PEG;4-Ab-TATs with different amount of
conjugated antibody were added, the level of nuclear p65
gradually reduced with increasing amount of antibody. Both
MSN-PEG3; 4-Ab(1:12)-TAT and MSN-PEG; 4-Ab(1:24)-TAT
show obvious suppression of the p65 translocation to nucleus,
whereas MSN-PEG; 4-TAT did not prevent the TNF-a
inducing nuclear p65 translocation. Hence, MSN-PEG; 4-Ab-
TAT shows the specificity and effectiveness to block NF-«xB
p65 nuclear translocation through immunogenic binding. To
verify the western blotting results, confocal microscopy (Figure
S8) imaged that MSN-PEG;4-Ab-TAT and MSN-PEGs; 4~
TAT have efficiently entered into HeLa cells. After induction
with TNF-a, p65 translocated from the cytosol to the nucleus,
as seen in the overlapping blue and red images (from purple to
pink) in the ‘‘merge’’ column. We found that the p65 nuclear
translocation after TNF-o treatment was dramatically inhibited
by MSN-PEG; 4-Ab-TAT as the stained p65 protein (red)
remaining in the cytosol. Meanwhile, for MSN-PEG; 4-TAT,
the Rel p65 protein, was visibly present in the nucleus. The
yellow images showed the co-localization of MSN-PEG; 4x-Ab-
TAT (green) and p65 (red). Both MSN-PEG; 4-Ab(1:12)-TAT
and MSN-PEG; 4-Ab(1:24)-TAT strongly suppressed the
translocation of p65 according to the Alexa-568 staining in
nucleus. MSN-PEG; 4-TAT, on the other hand, exhibited little
actions on p65 translocation. These data also show that the
TAT peptide on MSNs helps the cargo delivered in cytosol and
thus the p65 antibody retains its activity. In addition, the
amount of p65 antibody functionalized onto MSN-PEGj; 4-
Ab(1:24)-TAT was determined by a fluorescence spectrometric
method to be 28 pg/mg. The amount of TAT peptide
functionalized onto MSN-PEG3; 4-Ab(1:24)-TAT was 1.9x107
mol/g.

J. Name., 2012, 00, 1-3 | 3
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Figure 3. In vitro pull-down assay and MSN-PEG3.4k-Ab-TAT blocks NF-kB p65 nuclear translocation and thus inhibits the NF-xB p65 downstream protein expression.
(a) For in virto pull-down assay to test p65 antibody activity on the surface of MSN, the MSN-PEG3.4k-Ab-TAT (100 ug/mL) was incubated with total cell lysates in
vitro. Then the supernatant was assayed the p65 expression level by Western blotting. Hela cells were treated with MSN-PEG3.4k-TAT or MSN-PEG3.4k-Ab-TAT for 4
h at a dose of (b} 100 pg/mL, (c} 50-200 pg/mL and {d-e) 200 pg/mL. After the delivery, the cells were stimulated with or without 50ng/mL TNF-a for another 0.5 h (b-
d) or 4 h (e). (b-c) Western blotting assay of the level of cytosolic and nuclear p65. d} Intracellular localization of p65 using confocal laser scanning microscopy (CLSM)
imaging. DAPI (blue), Alexa-568-labeled anti-p65 antibody (red), and FITC-MSN (green). (e) Cell lysates were analyzed for the level of COX-2 protein (NF-xB down-

regulator) by Western blotting assay. GAPDH, Lamin B and a-tubulin were used as a loading control.

Further dose-dependence study of the blockage in Figure 3c
shows nuclear p65 level decreased in with increase of the
concentration of MSN-PEG; 4-Ab(1:24)-TAT. The results of
CLSM (Figure 3d and Figure S9) also confirmed that less p65-
Alexa 568 staining pattern in nucleus when increasing the
concentration of MSN-PEG; 4-Ab(1:24)-TAT. In contrast,
MSN-PEG; 4~-TAT exhibited some interaction with p65 in the
cytosol (yellow) but had no subsequent inhibition on p65
translocation. NF-«B has been implicated in tumor promotion

and cell survival/proliferation as mediated by the cell

This journal is © The Royal Society of Chemistry 2013

proliferation genes and cell survival genes (e.g., BCL-2 and
COX-2)%% Thus, we further examined COX-2 which was
activated and mediated by the p65 nuclear translocation. Fig. 3e
shows COX-2 protein was present under TNF-o (50 ng/mL)
treatment. When we increased the delivery of MSN-PEG; 4
ADb(1:24)-TAT, the TNF-a¢ induced COX-2 protein (NF-xB
down-regulator) expression significantly decreased. But, MSN-
PEG; 4-TAT could not decrease the TNF-a induced COX-2
protein expression.

J. Name., 2013, 00, 1-3 | 4



.

Journai Name

a) ¢}
3y Aoty
g” . H,’M
525. 2 40
i 2%
D g"’
- 3 e
= 18 w B4
i -
510 Zm
% 3w
# .
$ 4
o4 > ", . o "
[ ¥ b % ¥ e ¥ o g
5 g% 2% 3§ 38 g
g e RS A ] o
~ 52 g N & [
g: ; \5 z X z «5
g3 2 ‘ 2% %
s
A 4 -
b ©
g% 4
oo o
2o Zi
g% g8

Figure 4. MSN-PEG3.4k-Ab(1:24)-TAT efficiently inhibits the proliferation and
decreases nuclear NF-kB p65 activity in HNSCC cells. HNSCC cells were treated

-with 200 pg/mL of MSN-PEG3.4k-TAT, MSN-PEG3.4k-Ab(1:24)-TAT or anti-TNF

antibody (100 ng/mi) for 4 h. Then, cells were further incubated in culture
medium for 72 h. (a} Cells growth inhibition was assayed by WST-1 method. (b)
HNSCC cell lysates were prepared and analyzed for COX-2 and TNF-a protein
level using western blotting assay. a-tubulin was used as a loading control. {c}
For nuclear NF-kB p65 activity, nuclear extracts were prepared, and the nuclear
NF-kB p65 activity was measured by ELISA kit with anti-65 antibodies. ELISA was
performed as described in methods section and the experiment was repeated
three times. (d) At the same condition as {c}, the same nuclear extracts were also
analyzed for NF-kB p65 protein level using western blotting assay. Lamin B was
used as a loading control.

To show that the strategy could be useful to inhibit tumor cell
proliferation for possible future tumor therapy, head and neck
squamous cell carcinoma (HNSCC, SSC-4) cell line with
constitutive activation of NF-xB mediated through the TNF
pathway was studied. 23! To evaluate whether the HNSCC
growth was affected by MSN-PEG; 4-Ab(1:24)-TAT due to
inhibiting p65 translocation, we delivered MSN-PEGs; 4~

- Ab(1:24)-TAT into HNSCC. The proliferation of HNSCC cells

were determined by using WST-1 assay. We found that MSN-
PEG;.4-Ab (1:24)-TAT had a significant inhibition (26%) at a
concentration of 200 pg/mL, whereas MSN-PEG; 4-TAT (200
pg/mL) had almost no effect. In a separate positive control
experiment, anti-TNF antibody shows an inhibition of
proliferation in HNSCC cells®’ at near 17% level as a
comparison (Figure 4a). We further examine the protein levels
of cell survival/proliferation gene COX-2 and TNF-a by

Western blotting. Both play important roles in tumor promotion.

As expected, HNSCC cells exhibited higher basal levels of
COX-2 and TNF-a (Figure 4b). When treated with MSN-
PEG3.4k-Ab(1:24)-TAT and anti-TNF-a antibody, both COX-
2 and TNF-o. decreased, with COX-2 decreasing more. Figure
4c show that the nuclear NF-xB p65 activity by ELISA assay
was significant inhibited in cells treated with MSN-PEGs; 4~
Ab(1:24)-TAT (65%) or anti-TNF antibody (72%) as compared
with controls. The nuclear NF-xB p65 protein levels were
decreased in the treatment of either MSN-PEG; 4-~Ab(1:24)-

This journal is © The Royal Society of Chemistry 2012
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TAT or anti-TNF antibody. MSN-PEG; 4-Ab(1:24)-TAT had
shown a greater inhibition than anti-TNF antibody (Figure 4d).
These explains that MSN-PEG; 4-Ab(1:24)-TAT inhibited the
growth of HNSCC cells.

a)

MSN-PEG) ,-Ab[1:24)-TAT MSN-PEGy -Ab(1:24)

24h , 48’
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=
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Figure 5. MSN-PEG3.4k-Ab({1:24)-TAT focus toward nucleus due to TAT peptide
interacting with importins. (a) HNSCC cells were treated with 200 pg/mL of MSN-
PEG3.4k-Ab(1:24) or MSN-PEG3.4k-Ab(1:24)-TAT for 4, 24 and 48 h, and the
images were observed by using confocal llaser scanning microscopy (CLSM). After
the delivery for 48 h, the cells were fixed for the following experiments. (b) The
nuclear pore was stained with anti-Nup 153 antibody and imaged by confocal
laser scanning microscopy. Alex-568-labeled anti-Nup 153 antibody {pink), and
FITC-MSN {(green). Then, the fluorescemce intensity of the FITC-MSN with a
distance relative to the nuclear membrane was summated to plot the
distribution map by Matlab program. The color bar indicated the value of
fluorescence intensity. The histogram showed distribution of fluorescence
intensity along the radial axis. (Details are in the methods section) (c) Bio-TEM
images of MSN-PEG3.4k-Ab(1:24)-TAT.

To observe whether the nanoparticles MSN-PEGs; 4-Ab(1:24)-
TAT focus toward nucleus, the localizations of MSN-PEG3; 41~
Ab(1:24)-TAT after cellular uptake for 4, 24, and 48 h were
examined by confocal microscopy (Figure 5a). As time evolved,
we see a gradual focusing of the distribution of MSN-PEGj3 4-
Ab(1:24) to closer distance from nuclear membrane.(e.g.
thinner green rings around the mucleus). Cellular nuclear pore
protein of Nup153 was stained and imaged. As shown in Figure
5b, most of MSN-PEG; 4-Ab(1:24)-TAT were localized at
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perinuclear region in the cytoplasm from the co-localization
images of MSN-PEG;4~Ab(1:24)-TAT (green, FITC) and
nuclear pore* (pink, Nup153 staining). Comparatively, much
less particles were located immediately near the nucleus when
treated with MSN-PEG; 4-Ab(1:24). We analyzed statistically
the fluorescence intensity distribution of MSNs at different
distance from nuclear membrane. Figure 5b (right) showed the
fluorescence intensity distributions of MSN-PEG; 4,-Ab(1:24)
and MSN-PEG; 4-Ab(1:24)-TAT in cytoplasm. MSN-PEG3; 4~
Ab(1:24)-TAT (Figure 5b. Upper right) are concentrated at
distances 250 nm to 4.5 pm from the nuclear membrane (red-
colored region), while the control experiment of MSN-PEG3; 4~
Ab(1:24) shows much diffuse distribution far away from
nucleus (Figure 5b, Lower right). Bio-TEM analysis also
revealed that MSN-PEG3.4k-Ab(1:24)-TAT exhibited near
perinuclear region and formed a ring structure surrounding the
nucleus (Figure 5S¢ and Figure S10). Apparently, TAT peptides
enhanced MSN-PEG;4-Ab(1:24)-TAT focusing in the
surrounding of the nucleus. The reason could be due to TAT on
the MSN-PEG;4-Ab(1:24)-TAT which binds with the
receptors, importin ¢ and P, leading to interaction with nuclear
pore complex (NPC) on nuclear surface.** ** 34 It is clear that
MSN-PEG; 4-Ab(1:24)-TAT was blocked from entering the
nucleus with a possible mechanism of size hindrance. A
tendency from TAT-conjugated nanoparticle toward nuclear
translocation may have directed a “chemotaxis” style
movement to defense/action/trap near the nuclear pore for
increasing the inhibition of p65 nuclear translocation. We also
note that the NF-xB p65 antibody recognized the epitope at
dimerization domain of NF-kB p65 near nuclear localization
sequence (NLS) which may well block the interaction between
NLS and NPC due to steric hindrance as illustrated in the
scheme in Figure S11. All these factors, nuclear focusing, size
blocking, binding to Rel protein and NLS hindrance, are
designed in the conjugated nanoparticle MSN-PEG; g~
ADb(1:24)-TAT. Further improvements over the present
nanomaterials might well make this new approach more
effective including. One could try more careful adjustment of
surface functionalization to decrease aggregation and improve
dispersion of the MSNs in medium.** ¢ Secondly, optimization
of spacer in linking nuclear focusing peptide for enhanced
intracellular active transport along microtubule. Recent
theoretical study on this issue may help us better design.®’
Finally, one could use better design of cell-penetration peptides
such as unnatural peptides for the purpose. Recently, we have
shown enhanced non-endocytosis cellular uptake of MSNs by
replacing shortened side chains of amino acids in TAT.*

Conclusions

In conclusion, a novel concept in nanoparticles-based therapy
for intervening cell signaling pathways was demonstrated. With
anti-p65 antibody-TAT conjugated MSN designed as a
translocation blocker, the nanoparticles were successful in
attacking NF-xB p65 and blocking p65 nuclear translocation. In
cell biology, signal transduction mechanisms are involved in
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many physiological or biological functions. Most often,
proteins nuclear translocation is the key step in altering gene
expression for normal cell functions. This work is the first
demonstration using nanoparticles as nuclear translocation
blocker for the regulation of cell signaling transduction. It could
be generalized to other nuclear translocations of protein in
tuning the involved signal pathway. Our results open a new
strategy for future applications of nanoparticles in medicine.

Experimental section

Materials and Methods

All chemicals were purchased from commercial suppliers
(Acros, Sigma-Aldrich and Merck) and were used without
further purification. MSN and amine-functionalized MSN
(MSN-APTMS) were synthesized according to our previously
reported methods.>

Conjugation of PEG linker with MSN-APTMS (MSN-PEG2k,
MSN-PEG3.4k).

The heterobifunctional MAL-PEG-SCM (SCM: Succinimidyl
Carboxy Methyl ester, one type of NHS ester ; MAL:
Maleimide) linkers were covalently conjugated onto MSN-
APTMS through the NHS group by reacting with the amine
group on MSN-APTMS. PEG2k (41.63 mg) or PEG3.4k (70.78
mg) linkers was dissolved in DMSO solution (9 mL) followed
by the addition of MSN-APTMS (30 mg) in 3 mL DMSO.
Subsequently, 0.3 mL PBS solution was added to the above
solution, and the mixture was stirred for 24 h at room
temperature. The products, called MSN-PEG2k or MSN-
PEG3.4k, were collected by centrifugation and washed with
ethanol several times to eliminate unreacted PEG linkers.
Finally, MSN-PEG2k and MSN-PEG3.4k were dispersed in
ethanol and stored at room temperature.

Immobilization of NF-xB p65 antibody on MSN-PEG; 4.

NF-xB p65 antibody (12 ng, 24 pg, and 48 pg) (Santa Cruz
Biotechnology, Santa Cruz, CA) was mixed and incubated with
MSN-PEG; 4 (1 mg) in the conjugation buffer (0.1x PBS) at 4
°C for 18 h. After that, the p65 antibody conjugated MSN-
PEG3; 4k (MSN-PEG:; 4¢-Ab) were isolated by centrifugation and
washed several times with 0.1x PBS. Afterwards, the MSN-
PEG; 4¢-Ab were suspended and stored in 0.1x PBS at 4 °C.

Synthesis of TAT conjugated MSN-PEG; 4-Ab.

Cys-TAT peptide was covalently conjugated onto MSN-
PEGj; 4¢-Ab through the —SH group. In this work, 1.14 mg Cys-
TAT was dissolved in 0.1x PBS (1 mL) followed by the
addition of 1mg MSN-PEG; 4-Ab in 0.1x PBS (1 mL). The
mixture was then stirred at 4°C for 18 h. Subsequently, excess
TAT were removed by repeatedly washing the nanoparticles
with 0.1x PBS several times. Finally, MSN-PEG3; 4-Ab-TAT
were dispersed in 0.1x PBS and stored at 4 °C.

Fluorescence spectrometric determination of NF-xB p65
antibody conjugated onto MSN-PEG; 4-Ab(1:24)-TAT.

This journal is © The Royal Society of Chemistry 2012
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To calibrate the amount of NF-xB p65 antibody on MSN,
thodamine B isothiocyanate (RITC) labeled p65 antibody was
prepared. 2 mg of p65 antibody was dissolved in 0.1 M sodium
bicarbonate solution (pH 9) at a concentration of 1 mg/mL.
Then, 2.4 mg of RITC (prepared in 100 pL dimethyl sulfoxide)
was added to the p65 antibody solution. After stirring for 12 h
at 4°C, the unreacted RITC was removed by dialysis. RITC-p65
antibody was added to react with non-FITC MSN-PEG; -
MAL to yield MSN-PEG; 4-RITC-Ab(1:24). About 0.1-0.2 mg
of MSN-PEG:; 4-RITC-Ab (1:24) was dissolved in 1 mL NaOH
(IN) and centrifuged. The supernatant sample was read using
HITACHI fluorescence spectrometer F-4500 (excited at 543
nm / emitted at 575 nm). The amount of RITC-p65 antibody on
MSN-PEG; 4~RITC-Ab(1:24) was read out from a calibration
curve established by plotting the fluorescence verses the
concentration of free RITC- p65 antibodies in 1IN NaOH.

‘Fluorescence spectrometric determination of TAT peptide

conjugated onto MSN-PEG3.4k-Ab(1:24)-TAT.

Rhodamine B isothiocyanate (RITC) labeled Cys-TAT peptide
(RITC-TAT) was conjugated with non-FITC MSN-PEG; 4~
Ab(1:24) in 0.1x PBS solution to yield MSN-PEGj;4-
Ab(1:24)-RITC-TAT. After conjugation, MSN-PEG; .-
Ab(1:24)-RITC-TAT was dissolved in 1 mL NaOH (IN) and
the supernatant was collected after centrifugation. The RITC
fluorescence of the supernatant was read using HITACHI
fluorescence spectrometer F-4500 (excited at 543 nm / emitted
at 575 nm). Finally, the concentration of the RITC-TAT peptide
in the supernatant was determined according to the calibration
curve established by plotting the fluorescence verses the
concentration of free RITC-TAT peptide in 1IN NaOH. The
amount of TAT peptide conjugated onto the MSN-PEGj; 4~
Ab(1:24)-TAT was derived from the total supernatant peptide
minus nanoparticle after conjugation.

Western blotting analysis.

Cell lysates were separated on a 10% SDS-PAGE, and the
proteins were then electrophoretically transferred to a
polyvinylidene difluoride (PVDF) membrane and blocked 1 h
at room temperature in blocking buffer [1xTris-buffered saline
(TBS)-0.1% Tween 20, 5% w/v nonfat dry milk]. Membranes
were incubated overnight at 4 °C with primary antibodies : NF-
xB p65, TNF-o , Lamin B and GAPDH from Santa Cruz
Biotechnology (Santa Cruz, CA), along with COX-2 from
Cayman (Cayman, Ann Arbor, MI, USA). All primary
antibodies were diluted in blocking buffer (NF-xB p65: 1:500,
TNF-ou: 1:500, Lamin B: 1:3500, GAPDH: 1:5000 and COX-2:
1:500 dilution). The PVDF membranes were extensively
washed and incubated with a horseradish peroxidase—
conjugated secondary immunoglobulin G antibody (1: 2000
dilution, Santa Cruz Biotechnology) for 1 h at room
temperature. Immunoreactive bands were visualized with an
enhanced chemiluminescence substrate kit (Amersham
Pharmacia Biotech, GE Healthcare UK Ltd, Bucks, 'UK)
according to the manufacturer’s protocol.

This journal is © The Royal Society of Chemistry 2012
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Cellular response of NF-xB on MSN-PEGs and in vitro pull-
down assay of MSN-PEG; 4-~Ab-TAT.

100 pg/mL of MSN-APTMS, MSN-PEG;, and MSN-PEG3; 4
were treated in HeLa cells for 4 h, and then incubation without
or with TNF-a (50 ng/mL), a NF-xB activator, for another 0.5 h.
After the cells were harvested, cytosolic and nuclear protein
were isolated, the p65 expression level in either cytosol or
nucleus was determined by western blotting experiment. For in
vitro pull-down assay, the MSN-PEG; 4-Ab-TAT (100 pg/mL)
was mixed and incubated with total lysate of HeLa cell at 4 °C
for 18 h in vitro. Then, the mixture was centrifuged at 12,000
rpm for 20 min and the supernatant (10 uL) was assayed for the
free p65 expression level by Western blotting.

Immunocytochemical staining for NF-kB p65 or Nup 153
expression.

Hela cells were fixed with 4% paraformaldehyde and
permeabilized with 0.1% Triton X-100. After being washed in
PBS, cells were blocked in blocking buffer [1xTris-buffered
saline (TBS)-0.1% Tween 20, 5% w/v BSA] for 1 h and then
incubated with a NF-xB p65 (1:50 dilution, Santa Cruz
Biotechnology) or Nup 153 (1:100 dilution, Abcam) primary
antibody in blocking buffer for 16 h at 4 °C. The cells were
extensively washed and incubated with Alexa-568 fluorescein-
labeled secondary antibody in blocking buffer at a dilution of
1/200 for 2 h, and counterstained for nuclei with DAPI (DNA
marker) for 1 min. The fluorescent images were obtained with a
confocal laser scanning microscope (TCS SP5, Leica). For
further images analysis of Figure 4b, the distribution map of
distance between nanoparticles and nuclear membrane were
calculated by MetaMorph software and Matlab program. The
central point of cell nuclear and the mean radius of nuclear
membrane of each cell, which were shown as the figure 4b with
original point and dash line, were estimated by MetaMorph.
Then, the fluorescence intensity of the nanoparticles with a
distance relative to the nuclear membrane was summated to
plot the distribution map by Matlab program.

Determination of nuclear NF-kB activation by ELISA.

The nuclear extracts and NF-xB activity were performed
according to the manufacturer's protocol (NF-xB/p65
ActivELISA™ kit, Imgenex, San Diego, CA). The optical
density of samples was determined by using the ELISA reader
set at 405 nm.
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Intracellular Implantation Of Enzymes in Hollow Silica
Nanospheres for Protein Therapy: Cascade System of
Superoxide Dismutase and Catalase

Feng-Peng Chang, Yi-Ping Chen, and Chung-Yuan Mou*

An approach for enzyme therapeutics is elaborated with cell-implanted nanoreactors
that are based on multiple enzymes encapsulated in hollow silica nanospheres (HSNs).
The synthesis of HSNs is carried out by silica sol-gel templating of water-in-oil
microemulsions so that polyethyleneimine (PEI) modified enzymes in aqueous phase
are encapsulated inside the HSNs. PEl-grafted superoxide dismutase (PEI-SOD)
and catalase (PEI-CAT) encapsulated in HSNs are prepared with quantitative
control of the enzyme loadings. Excellent activities of superoxide dismutation by
PEI-SOD@HSN are found and transformation of H,0, to water by PEI-CAT@
HSN. When PEI-SOD and PEI-CAT are co-encapsulated, cascade transformation
of superoxide through hydrogen peroxide to water was facile. Substantial fractions of
HSNs exhibit endosome escape to cytosol after their delivery to cells. The production
of downstream reactive oxygen species (ROS) and COX-2/p-p38 expression show
that co-encapsulated SOD/CAT inside the HSNs renders the highest cell protection
against the toxicant N,N'-dimethyl-4,4’-bipyridinium dichloride (paraquat). The rapid
cell uptake and strong detoxification effect on superoxide radicals by the SOD/CAT-
encapsulated hollow mesoporous silica nanoparticles demonstrate the general concept
of implanting catalytic nanoreactors in biological cells with designed functions.

1. Introduction -
to orderly control of complex cascade reactions. Cascade

In biological cells, a great variety of enzymatic catalysis.is
responsible for energy conversion, synthesis, and cellular
defense to maintain physiological functionality. To tightly
regulate multiple reactive species in the crowded cellular
environment, compartmentalization is a dominant feature
in eukaryotic cells. This is to keep enzymes and biomole-
cules together to reach a higher concentration and to lead
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enzymatic reactions of the glyoxylate cycle, Calvin cycle, and
Krebs cycle in an organelle enclosure are examples of cata-
lyzed reactions by confined enzymes.

Inspired by the compartmentalized structure in living
cells, building hollow porous nanostructured materials to
encapsulate multiple enzymes would be a very promising
approach in biomedicine for enhancing, repairing, or adding
new functionalities to cells!!] Such strategy of synthetic
organelles implanted into cells is still at its nascent stage of
development.[?] Tandem enzyme reactions are mostly dem-
onstrated in test tubes using liposomes,?l polymer-based
materials,*11 or gelatin microcapsules.'? The challenges
of existing materials are overcoming poor stability, their
micrometer-size range, their slow cell uptake, and low perme-
ability toward small molecules that hampers their function as
organelle-mimics in cells.

Recently, we reported a microemulsion-template
methodl] for synthesizing hollow silica nanospheres (HSNs),
with large interior spaces and porous silica shells, suitable
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Scheme 1. Schematic representation of the cascade reaction of superoxide dismutase and

catalase encapsulated HSNs acting inside cells.

for loading enzymes in the cavity to carry out intracellular
catalysis. We demonstrated encapsulation of horseradish
peroxidase (HRP) in the cavity of HSNs and its intracel-
lular delivery showing its function as a catalytic nanoreactor
inside Hela cells for converting a pro-drug into a toxic agent
that killed cancer cells.['3] For biomedical applications, HSNs
possess several key properties as an intracellular nanore-
actor: 1) a porous shell with permeability for small mole-
cules, subtracts, and products,'8] while protecting enzymes
against poison,' protease['¥l and attenuated immuno-
logical responses, 2) a properly designed size and a surface
ligand so that the nanoparticles can be taken up by targeted
cells,!'316] 3) a good stability and biocompatibility,!”) and 4)
multi-functional capability such as pH sensing,1°20) MRI for
tracking,’?!l or synergistic therapy for cancer treatment.[22-25)

The next development would be a functional multiple-
enzyme assembly encapsulated in porous HSNs such that
cascade reactions can be realized. We chose to study a super-
oxide dismutase (SOD)/catalase (CAT) system for detoxi-
fication of reactive oxygen species (ROS); SOD converts
superoxide into hydrogen peroxide, which is, in turn, trans-
formed to water and oxygen by catalase. SOD has the highest
catalytic efficiency (kca1/Ky,) whereas CAT has a turnover of
40 million molecules of H,0, degraded per second.[?dl There-
fore, the enzymatic antioxidant intervention offers superior
efficacy for ROS quenching not attainable by smail-mole-
cule antioxidants.””l A significant hurdle in the translation
of the antioxidant enzyme strategy into the clinical domain
lies in the inadequate delivery of multiple enzymes into the
intended cells while keeping them functioning together. At
present, the only reported nanocarrier for cell delivery of
multiple enzymes is using polymeric vesicles. Tanner et al.

& > H,0
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have demonstrated that a coupled super-
oxide dismutase/lactoperoxidase enzyme
system working within triblock copoly-
mers vesicles could serve as artificial
peroxisomes to protect cells from ROS
stress78  However, their biocompa-
bility, slow cell uptake, and poor material
transport across the polymeric membrane
remained problematic.

In contrast, as discussed above, hollow
silica nanospheres offer many design capa-
bilities and better biocompability.22% In
this paper, we report a cascade-reaction
system in hollow silica nanospheres, where
polyethyleneimine (PEI)-grafted super-
oxide dismutase (PEI-SOD) and cata-
lase (PEI-CAT) were co-encapsulated in
the cavity of substrate-permeable HSNs
(named  PEI-SOD/CAT@HSN). The
cationic PEI serves several functions: 1)
increasing the loading efficiency of SOD
and CAT in the HSNs; 2) augmenting the
proton sponge effect for endosome escape
into the cytoplasm; and 3) the positively
charged PEI helps to attract the counter-
charged superoxide anion into diffusing
into the HSNs. After introduction into the
cells, the organelle-mimic PEI-SOD/CAT@HSN is shown to
detoxify ROS, superoxide, and hydrogen peroxide succes-
sively and protect the cells. Scheme 1 illustrates the perox-
isome-like PEI- SOD/CAT@HSN inside the cell for ROS
detoxification. We demonstrate the synergy effects of SOD
and CAT in the HSN cavity.

With further surface functionalization for targeting this
approach could result in a carefully designed nanosystem of
encapsulated enzymes mimicking intracellular organelles for
therapeutic purposes.

2. Results and Discussion

2.1. Synthesis of Enzyme-Encapsulated Nanospheres

Previously, we developed a one-pot method to encapsulate
horseradish peroxidase (HRP) in HSNs, which activated
indole-3-acetic acid intracellularly for cancer therapy.!®] Based
on the previous method, we introduced PEI in this system to
improve the enzyme loading. PEI, with its rich amine groups,
has been demonstrated to be good proton sponge for the endo-
some-escape effect.l’031] PEI by itself disrupts cell membranes
and mitochondria and is, thus, very cytotoxic.?233] Herein, we
report a novel strategy whereby PEI-grafted enzymes were
encapsulated inside HSNs. The silica shell shields off the PEI
from contacting the cellular machinery while still keeping the
proton-sponge effect of PEI as the pores on the shell do allow
protons to diffuse inside the hollow spheres.

Scheme 2 illustrates the preparation for PEI-modifica-
tion and then the encapsulation of the positively charged
PEI-SOD and PEI-CAT in HSNs. Both SOD and CAT
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are important antioxidant enzymes in living syst'erns As
depicted in Scheme 2A, PEI was covalently linked to the
enzymes by a conventional ethyl(dlmethylanunopropyl)
carbodiimide/N-hydroxysuccinimide (EDC/NHS) coupling
reaction. Subsequently, PEI-grafted enzymes, PEI-SOD,
PEI-CAT, either single or together, were encapsulatéd in the
HSNs by a one-pot water-in-oil (w/o) microemulsion’ silica
templating approach (Scheme 2B). In brief, an aqueous solu-
tion containing the PEI-grafted enzymes was emulsified in
an oil system containing a surfactant (1soocty1pheny1 ‘ether,
CA-520), co-surfactant (n-hexanol), and organic. solvent
(decane). After introducing the silica sources (tetraethoxysi-
lane (TEOS) and aminopropyltrimethoxy silane (APTMS))
and aqueous ammonia the w/o mixture was stirred _,_fo,r 10h
at 20 °C to form the enzyme-encapsulated silica nanoparti-
cles. Hollow enzyme-loaded particles were formed after the
nanoparticles were further suspended in warm deionized
water (40 °C) for 40 min and washed with water, which is
critical for the transformation to hollow nanospheres.

2.2. Physicochemical Characterization
The surface area of our HSNs (231.2 m? g™) as de_terxﬂiﬁed by
N, adsorption-desorption isotherms exhibited characteristic

type-IV  Brunauer-Emmett-Teller ~ (BET)  isotherms

smull 2014, 10, No. 22, 4785-4795

50 mM pl?béphate buffe

"PEI-SOD/CAT@H\SN

© 2014 Wiley-VCH Verlag GmbH & Co. Ki

PEI-SOD; PEI-CAT

(poAcmda puRoRLING)

(Silicate Oligomer
Removed)

tributed to the porous structure on the shell, indi-
/,_at most of the surfactants have been removed.
Figure® 1A shows transmission electron microscopy (TEM)
1mages vof PEI- SOD/CATOHSN (Flgure S2 in the Supporting

an average diameter of around 40 nm. Uranyl ace-

tate (JA) staining displayed an enhanced electron density
inside the PEI-SOD/CAT@HSN particles but no staining out-

side the particles (Figure 1B). This indicates that the enzymes
weré intfé’ed entrapped within the hollow spheres. To examine
the enzyme encapsulation efficiency and loading yields, fluo-
rescent ‘dye-labeled enzymes (rhodamine B isothiocyanate
(RITC) and fluorescein isothiocyanate (FITC)) were prepared.
SOD, and PEI-SOD were labeled with FITC and abbreviated
as FITC SOD and FITC-PEI-SOD. CAT and PEI-CAT were
1narked‘w1th RITC and abbreviated as RITC-CAT and RITC-
PEI- CAT The fluorescence intensity of the dye-enzyme-
loaded HSNS were measured by suspending the nanoparticles
in IN NaOH and the amount of encapsulated dye enzymes
was determmed from the calibration curve established by
e fluorescence versus the concentration of free dye
enzymes-under the same conditions (Figure S3 in the Sup-
porting Information shows the calculation of both PEI-SOD
and PEECAT inside PEI-SOD/CAT@HSN).[! Significantly
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Figure 1. TEM images of A) PEI-SOD/CAT@HSN, B) PEI-SOD/CAT@HSN
stained with uranyl acetate (UA). UA-staining showed the enhanced
electron density in the cavity of the HSNs. The scale bars are 100 nm
for both images.

higher amounts of enzymes were encapsulated in the HSNs
in the presence of the cationic polymer PEI (Table S1, Sup-
porting Information). The loading efficiencies of PEI-SOD
(12.2%) and PEI-CAT (8.7%) were much higher than that of
SOD (2.8%) and CAT (2.8%). This is related to the fact that
the positively charged PEI-SOD and PEI-CAT (Figure S4,
Supporting Information) are more effective in attracting the
negatively charged hydrolyzed silica precursors for encapsula-
tion. The higher loading will improve the enzyme activity for
biomedical uses and thus we chose the PEI-coated enzymes
for further study. The loading yields of the PEI-SOD@HSN
and PEI-CAT@HSN particles were 44.7 and 29.5 pg enzymes
per mg HSNs, respectively. Compared to single-enzyme
loading, about the same level of efficiency and loading yields
were observed when two enzymes, PEI-SOD and PEI-CAT,
were co-encapsulated in HSNs. The loading efficiency of
PEI-SOD and PEI-CAT were 12.3% and 9.4%, respectively.
PEI-SOD/CAT@HSN contained- about 44.5 and 26.1 ug
enzymes per mg HSNs (Table S1, Supporting Information).

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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We also characterized the suspension of the nanoparti-
cles in deionized water and in Dulbecco’s modified Eagle’s
medium (DMEM), which is a cell culture medium. Dynamic
light scattering (DLS) (Table S2, Supporting Information)
showed that the hydrodynamic sizes of PEI-SOD/CAT@
HSN and HSNs were 130.7 (+0.9) and 176.8 (£0.8) nm,
respectively. It was seen that serious aggregation occurred
upon dispersion in DMEM. In order to improve the dis-
persion of the nanoparticles in cell-culture medium, we
stabilized the nanoparticles with bovine serum albumin
(BSA)B4 after which the DLS size of PEI-SOD/CAT@HSN
and HSNs in DMEM decreased from 973.8 nm (£127.2)
and 1271.3 (+204.4) (without BSA) to 221.7 nm (+30.3) and
302.8 (+24.0) (with BSA), respectively. Because of the cati-
onic property of PEI, the zeta potential of PE[-SOD/CAT@
HSN was higher than that of HSNs in the mediums of H,O,
DMEM, and BSA-stabilized in DMEM.

2.3. Activity of Encapsulated SOD

In order to measure the SOD activity, we used xanthine/xan-
thine oxidase as the superoxide anion (O,*") generator and
detected the capacity of PEI-SOD/CAT@HSN for inhib-
iting the rate of reduction of cytochrome c by superoxide
(Figure 2A). In the absence of SOD, O, reduces cytochrome
¢ to form a yellow product (absorption at 550 nm). In the
presence of SOD, the concentration of superoxide is reduced,
yielding a less colored signal. The calibration curve for native
SOD inhibition is given in Figure S5 in the Supporting Infor-
mation. Figure 2A. showed that the increase in absorption can
clearly be observed according to the reaction time in the blank
(control; SOD-free) and the reaction rate was unaffected by
HSNs and PEI-CAT@HSN (negative control). However, in
the presence of PEI-SOD@HSN and PEI-SOD/CAT@HSN,
the kinetics of O,™ consumption increased and the reduction
rate of cytochrome ¢ was significantly inhibited. It is worth-
while notign that the SOD activity of PEI-SOD/CAT@HSN is
higher than that of PEI-SOD@HSN although equal doses of
SOD were employed in both particles. We suggest that for the
PEI-SOD@HSN an inactivation of SOD occurred because of
the large excesses of H,0, generated by SOD and the O,
existing in the PEI-SOD@HSN solution. This inhibition effect
has been attributed to the reduction of enzyme-bound Cu?*
to Cu' by H,0,[] However, in the presence of CAT, the
hydrogen peroxide was removed quickly and thus PEI-SOD/
CAT@HSN maintained its high SOD activity. Comparing the
inhibition percentage of cytochrome c reduction between
native SOD (Figure S5, Supporting Information) and SOD-
loaded particles, the encapsulated PEI-SOD/CAT@HSN and
PEI-SOD@HSN maintained 46.6% and 18.6% of the native
SOD activity (Table S3, Supporting Information).

2.4. Activity of Encapsulated CAT
CAT catalyzes the decomposition of hydrogen peroxide into
water and oxygen. To detect the catalase activity, we directly

measured the degradation of H,O, using a horseradish

small 2014, 10, No. 22, 47854795



Intracellular Implantation of Enzymes in Hollow Silica Nanospherg{ ‘1;'

A
Xanthine
+
0,
vrieacs G Wp 20,
0,0, 7
2 S(ﬁ’o
: 4
0,4+ H,0,
0.184 _ ; son/cuogs\ —— PELSOD/CAT@ESN
1171007, PEES B ——— PEI-SOD@HSN
- . ITi I i i 1 i PEESOD@HSN —— PELCAT@HSN
£ E 0.161 FERSeriiias e SN
L = 2 Jg%e,,;ﬂ,??
2g %zi 1IN
58 .14 7”‘5? 1is m
.SQ ¥¥$£’¥~£”' IIII‘I i
< Q 0.124 az_, NMI IHH'
! 111111111” T
0.0 1:f7THLC : :
0 2 "'500 525 550 575 600 625 650
wavelength (um)
C
1.0 e Blank
——HSN
. 0.8 e PEL-SOD@ESN
.*,‘: e PET-SODICAT@HSN
& 0.6
U
[
: 0
2 9.2
=4
0.0 .
560 570 580 390 600 610 620
. wavelength (nm)
oY
Q\
&O
G

Figure 2. Enzyme activity assay. A) Superoxide ani
cytochrome c. The reduction kinetics of cytochrom ¢ we a3 d i he presence efvar us samples. B) CAT activity assayed using a horseradish

peroxidase (HRP)/Amplex-red system to measure theiH; tra’ of various samples were measured after incubation
with H,0, and then assayed with HRP/Amplex red. C) Stabl ) | i ‘atnve CAT after treatment with KO, SOIUthﬂ The relative

CAT@HSN. The fluorescence intensity reflects the amo{m,
and PEI-SOD@HSN were used for comparison. .

peroxidase/Amplex-red method (Figure 2B).56*
ence of peroxidase, the Amplex-red reagent reacts
to produce the red-colored oxidation product, 1

COnVe s1on 6f CAT to the ferroxy state or ferryl state that was

activity. The results in Figure 2B show that PEI-SOD/CA rapldly revcrsed by SOD.I*8l However, the anti-superoxide rad-
HSN and PEI-CAT@HSN significantly decreas ' ical effect : 'bf "CAT not only existed in PEI-SOD/CAT@HSN
of H,0, compared to HSNs and PEI-SOD@HSN: {negative  but cd (”.l:ﬂ ‘zi[so. ;be found in the PEI-CAT@HSN. We need more
control), demonstrating that H,0, was indeed®te e .by studle&;o *plain this phenomenon but it implies that encapsu-

catalase. Comparing the reaction rate of quo nposi- lated ) LCAT will resist deactivation as well as protect SOD
tion between native CAT (Flgure S6, Suppo 8/ Informa- from’ 03 attack in the confined PEI-SOD/CAT@HSN.

Iy

2.5. Cascadg Reactsons in PEI-SOD/CAT@HSN

3.2

We next exp101 ed the synerg1sm between SOD an’d’
Y ,A ,s.

the presence of O,*". As shown in Figure 2C aft e)fp Sur
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Merge

Figure 3. Confocal microscopy analysis of F-HSN and PEl-SOb/CAT@F—HSN in Hela cells. Particle-treated cells were stained with endosome-
specific marker FM4—~64 (red) and analyzed for endosomal co-localization. Blue: DAPI-stained nuclei. Green signals in the merge channel indicate

endosomal escape of the particles.

damage in living cells. In the study above, we have demon-
strated that PEI-SOD and PEI-CAT can be simultaneously
encapsulated in HSNs and the final nanoparticle system
shows activities for both enzymes. In order to investigate
whether both the encapsulated enzymes are involved in cas-
cade reactions, fluorescence assay was performed in which
the resorufin formation was recorded by monitoring the fluo-
rescence at 570 nm (Figure S7, Supporting Information). In
the reaction, the O,'" generated by KO, was unstable and
converted to H,0, in the presence or absence of SOD in
aqueous solution. However, the dismutation rate of O,* in
the presence of SOD is faster. Subsequently, H,O, could be
either reduced by CAT or further involved in the peroxidase/
Amplex-red oxidation reaction. As shown in Figuré 2D, the
fluorescence intensity of PEI-SOD@HSN was significantly
higher than that of the blank (control), HSNs (negative con-
trol), and PEI-SOD/CAT@HSN systems. The results indi-
cate that PEI-SOD@HSN catalyzed the reduction of O, to
hydrogen peroxide and increases the rate of resorufin forma-
tion. However, in the presence of PEI-SOD/CAT@HSN cas-
cade reactions occur. Hydrogen peroxide produced by SOD
could be further decomposed by CAT and the system showed
weaker fluorescence. .

o

2.6. Cell Uptake, Distribution Pattern, and Cytotoxicigy” of PEI-
Enzyme Loaded HSNs

To visualize the uptake distribution of BSA-stabilized nano-
particles, HSNs and PEI-SOD/CAT@HSN were , doped
with FITC (see experimental section) to form . F-HSN
and PEI-SOD/CAT@F-HSN. We treated HeLa cells with
uptaken nanoparticles in the presence of the endosome
marker (N-(3-triethylammoniumpropyl)-4-(4-diethylami-
nophenylhexatrienyl) pyridinium dibromide (FM4-64),

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

red fluorescence). Confocal microscopy images (Figure 3)
show that both kinds of nanoparticles (green channel) were
well-internalized into the cells, in which little co-localization
(yellow color) signals with FM4-64 stained organelles (red)
were found. This indicates that most of the nanoparticles
escaped from the endosome and resided in the cytoplasm
(green dots in the merge channel). In our previous study, HRP-
loaded HISNs (zeta potential = 20.5 mV) show proton-sponge
effects due to the extensive amine groups in APTMS-doped
silica shells.’] Here HSNs and PEI-SOD/CAT@HSN with
positive charges (40.1 mV and 25.4 mV, respectively, in H,O)
also showed similar intracellular patterns. We suggest that the
carrier-only HSNs have some capability of endosome escape
and the added PEI in PEl-enzyme@HSN further enhanced
this effect. We next employed flow cytometry to quantify the
cell uptake of the nanoparticles at the treated doses of 50, 100,
and 200 ug mL™! for 2.5 h. Remarkably high cellular uptakes
of PEI- SOD/CAT@HSN (Figure S8, Supporting Informa-
tion) were observed. The mean fluorescence intensity (calcu-
lated from Figure S8A) exhibited a dose-dependent uptake
behavior of nanoparticles by HeLa cells (Figure S8C).

The issue of PEI’s cytotoxicity is a concern when it is used
as a cargo-carrier, as has been shown in previous reports.[’23%
To examine the toxic effect of PEI in our system, we used
Western blotting assays to evaluate the PEI-induced p-p38
and COX?2 expression. Both proteins are involved in inflam-
matory responses and reactive oxygen species (ROS)-related
diseases.?%] HeLa cells were incubated with PEI-SOD, PEI-
SOD@HSN, and HSNs for 2.5 h or further cultured in regular
growth medium for 18 h. As shown in Figure 4A, the expres-
sions of p-p38 for HSN-treated cells were at about the same
level as in the control sample. We did find a little elevated
expressions of p-p38 at 2.5 h after treatment with PEI-SOD
and PEI-SOD@HSN. This is probably due to the stress of
PEI-conjugated enzymes but it was repaired by the cells after

small 2014, 10, No. 22, 4785-4795
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'We have shown that it is possible to construct mesoporous
J hollow .sﬂlca nanospheres (ca. 40 nm in size) based on a tem-
o Iatmg wate rqn: ‘0jl with sol-gel condensation. During the syn-
the51s of the HSNS the enzymes SOD and/or catalase can be
nnulta.neoasly or individually encapsulated within the HSNs
w1th the help of; PEL The mesopores on the silica shell allow
2 easy “dccess- of small molecules while keeping the enzymes
-inside: the nanospheres to avoid undesirable protein—protein
5 mteractlons We found excellent catalytic activities of super-
ox1de dlsmuiatlon by SOD and subsequent transformauon

partlcles exhibited an excellent synergistic, effec betwee L
SOD and CAT They also dlsplayed hlgh b1o compaub;ht
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Figure 5, DHE assay and western blotting to evaluate the protective effect of enzyme-loaded particles in cells after PQ treatment. Hela cells were
treated with various particles at a dose of 100 pg mL™1. After 2.5 h, particle-treated cells were further treated with 500 pum of PQ for 18 h. A0 ROS
generation determined with DHE by flow cytometry; B) Fluorescence expressions of oxidized DHE by a fluorescence microscope; C) COX-2, p-p38,
and o-tubulin expressions by Westernblotting, a-tubulin was used as loading control.

SOD and catalase are co-encapsulated, cascade transforma-
tion of superoxide through hydrogen peroxide to water was
facile. .

Upon cell-uptake of the enzyme-capsulated HSNs, these
were shown to function as artificial intracellular organelles
for detoxification of superoxides. After delivery to the cells,
substantial fractions of HSNs exhibited endosome escape to
the cytosol. The cell viabilities were maintained after treat-
ment with HSNs or PEI-SOD/CAT@HSN; indicating no tox-
icity effect due to the nanoparticles. Upon administering the
toxicant paraquat to the cells, both PEI-SOD@HSN and PEI-
CAT@HSN showed protective effects to the cells as shown by
the decreased ROS production and DHE positive cell counts.
The highest cell protection was observed for the co-encap-
sulated SOD-CAT system. Downstream COX-2 and p-p38
expressions were decreased with treatments of PEI-enzyme@
HSN. We have thus shown an effective enzyme-silica nano-
reactor system that can be easily uptaken by cells to func-
tion as a strong anti-oxidative artificial organelle. Carefully

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

controlling the synthesis!*?! and carrying out proper surface
functionalization for targeting!®! will result in PEI-SOD/
CAT@HSN particles that can be applied as rapid-action
antioxidants for many medical treatments, such as for inflam-
mation, ischemia, stroke and other strong oxidative stress
situations. We also anticipate further development of HSNs
encapsulating other cascade enzyme systems for augmenting
cell functions or enzyme therapy using similar approaches.

4. Experimental Section

Modification of SOD and CAT with PEl: PEl-conjugation of
enzymes was carried using an NHS/EDC crosslinking reaction.
Briefly, 3 mg of SOD and CAT were dissolved in 50 mm sodium
phosphate buffer (pH 7.8) at a concentration of 3 mg mL™1, Amine-
reactive NHS esters and EDC-HCl were prepared in 200 pl sodium
phosphate buffer (50 mm, pH 7.8) and then added to the enzyme
solution. The SOD solution contained 17 mg NHS/14 mg EDC-HCl

small 2014, 10, No. 22, 4785-4795
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. m phosphate -buffered saline (PBS)). After incu-
‘batron for 20 mm 'each sample was centnfuged with Amlcon Ultra

TEOS and 25 pL of ethanolic APTMS solutron) were added wi
stirring. The ethanolic APTMS solution was prepared by addmg ;
200 mL of APTMS to 1.4 mL of absolute ethanol After 10, mln,
250 pl of aqueous ammonia (35 wt%) was introduced to the mlx;
ture, which was then stirred for 10 h at 20 °C. Then, 95% ethanol"v
was added to destabilize the microemulsion system and the SOlld
products were centrifuged at 11 000 rpm for 30 min. To obtam 23
the hollow structure, the samples were suspended in 40 mL’ wafm, ‘s .
water (40 °C), stirred for 40 minutes, and isolated by centnfug S
tion to obtain PE-SOD@HSN, PEI-CAT@HSN, PE! SOD/CAf@HSN Cascade Reactlan ofPEI -SOD/CAT@HSN: Enzyme-loaded HSNs,
or HSNs only (without adding enzymes). Finally, all nanopartrcles*' "including PE}- SOD@HSN and PE-SOD/CAT@HSN, and non-enzyme
were washed several times with ethanol and déionized’ water to &, blanks, (HSNS only) were’ Suspended in 90 pL of sodium phos-
extract the surfactants in the pores. Prevrously,[“"] we have shown i phate buffer (50 mM pH | 7.8). Then 10 pL of superoxide solution
by thermogravimetric analysis (TGAY that most of thé surfactants generated by KO, (2. mg mL‘1 PBS) was added to each sample.
can be removed using this extraction procedure. The amount, f\ " After mcubatlon for 30 min at 37 °C, the samples were centri-
PEl-enzymes used to prepare enzyme-loaded HSNs: 36. nmol of fuged (14 000 rpm 20 min)-and the supernatant was transferred
PEI-SOD for PEI-SOD@HSN; 4 nmol of PEI-CAT for PEI-CAT@HSN-' fo another. Eppendorf '~S bsequently, 100 pL of HRP solution (2 U
36 nmol of PEI-SOD, and 4 nmol of PEI-CAT for PEI-SOD/CAT@HSN, ¢ mL‘1 it H,0) and’ 10 u 3 ' Amplex-red reagent (0.1 mm in DMSO)
Synthesis of F-HSN and PEI-SOD/CAT@F-HSN: The green-emit: : were, added .and, the mrxture was further incubated for 5 min.
ting fluorescein dye (FITC) incorporated in HSNs and PEI SOD/ ‘Finally, 200 pL- of each sample was transferred to a microplate
CAT@HSN (named F-HSN and PELSOD/CAT@F-HSN) were syn-; ' reader and the amount of H,0, was determined by fluorescence
thesized by the aforementioned procedure, except that 25 .l (excrtatxon 530 nm).-. i
ethanolic FITC-APTMS solution was used instead of 25 L, APTMS 1o Cell Culture: HeLa cells obtained from the American Type Cul-
ethanolic solution. Ethanolic FITC-APTMS solution was prepared by ture Collectmn (Manassas, VA) were maintained in Dulbecco’s
adding 10 mg of fluorescein isothiocyanate and 200 pL of APTMSr \.modaﬁed Eagle’s medrum (DMEM GIBCO) with 10% fetal bovine
to 1.4 mL of absolute ethanol in the dark for 24 h under stirring. ., serum (FBS GIBCO),. 100 U mL? penicillin, and 100 pg mL strep-
Enzymatic Activity Assays: In the case of SOD, samples were tomycm (GIBCO)-at 37 °C'in a humidified 5% CO, atmosphere.
prepared in 300 ul and monitored using a microplate reader (Bio !, 1+ When adherent cells. reached about 60-70% confluence, they
Tek, Synergy H1). First, a stock of cocktail reagent contalmng ethy o were, detached wn‘.h 0 25% trypsin-EDTA growth medium to allow
enediaminetetraacetic acid (EDTA) (1074 w), cytochrome ¢ (10 M) . for continued passagmg
and xanthine (5 x 107 ) in 1 mL of 50 mm K;P0, was prepared [“5 . Endosome Escape Exammat/on Cells were seeded at a den-
Then, 280 pL of cocktail reagent was added with various samples w srty of 2 % 10° cells per well in 6-well plates with cover glasses
(native SOD, PEI-SOD/CAT@HSN, PEI-SOD@HSN, PEI-CAT@HSN, or “at the bottom of the wells and allowed to attach for 24 h. Cells
HSNs), Then, xanthine oxidase (10 L of 58 mU mL?) was added,  were co- -cultured with @ an- ‘endosome marker FM 4—64 (5 pug mL™)
to the above solution completed with deionized water up to 300 uL , and BSA- stab:llzed PEI: SQD/CAT@F—HSN and F-HSN (100 pg mL™%)
total volume. Finally, 200 pL of each sample was transferred to a: o in serum- -free. medlum ‘After 2.5 h of incubation, the cells were
microplate reader and the absorbance at 550 nm was determined. - “w Washed tW|ce WIth PBS and then fixed in a 4% formaldehyde PBS
To measure the SOD activity, the inhibition rate of cytochrome ¢* solution at room temperature for 10 min. Then, the treated cells
reduction between native SOD (3000 U mgY) and SOD-loaded::, were stained with 4'6dram|dmo 2-phenylindole (DAPI) in PBS
particles (PEI-SOD/CAT@HSN and PEI-SOD@HSN) were compared (1 pg mL™) for 10 min atiroom temperature, washed twice with

>

Relatlve actlwty of ¢ each sample

The change in absorptron at570 nm (AODszo) after KO3 treatment ¢
~ The changein absorptlon at 570 nm (AODs7o) before KO treatment

i

using the slopes of absorbance between t=0sand t=180s. “.v% ' PBS, and then fluorescence images were obtained with a confocal
In the case of CAT assay, 90 L of H,0, solution (5 pm in’, mrcroscope (TCS SP5, Lerca)
50 mm sodium phosphate buffer; pH 7.8) and various nanopartl- ‘o Western Blottrng Analysrs After each treatment, cell lysates

cles solutions (native CAT, PEI-SOD/CAT@HSN, PEI-CAT@HSN, PEl- « were separated on a 1.0% SDS-PAGE, and the proteins were
SOD@HSN, or HSNs) were mixed and completed with deionized’:i then electrophoretically ‘transferred to a polyvinylidene dif-
water up to 100 pl total volume. After incubation for 30 min, HRP luonde (PVDF) membrane and blocked 1 h at room temperature

l,»
'
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in blocking buffer [1x Tris-buffered saline (TBS)-0.1% Tween 20,

5% w/v non-fat dry milk]. Membranes were incubated overnight at

4 °C with primary antibodies. COX-2 was diluted in TBS-T with 5%

w/v milk (1: 500 dilutions; Cayman), p-p38 was diluted in TBS-T ¥
with 5% w/v BSA (1: 500 dilutions; Cell Signaling Technology), ,
and a-tubulin was diluted in TBS-T with 5% w/v milk (1:12 000
dilutions; Oncogene Science). PVDF membranes were extensively. -

washed and incubated with a horseradish peroxide-conjugated
secondary antibody (1: 2000 dilutions) for 1 h at room tempera-
ture. Immuno-reactive bands were visualized with an enhanced

chemiluminescence substrate kit (Amersham Pharmacia Biotech, .
GE Healthcare UK Ltd, Bucks, UK) according to the manufacturer's

protocol.

Superoxide Detection: The superoxide anion was fluorometri-
cally estimated using a fluorescent probe, dihydroethidine (DHE),
which is oxidized to a fluorescent intercalator, ethidium, by cel-

lular oxidants, in particular, superoxide radicals. Therefore, to

measure the superoxide anion generation in our system dihydro-
ethidine (DHE; 5 pm) was used. The increase in DHE fluorescence
upon paraquat (superoxide anion generator) stimulation indjcated
an increase in superoxide anion levels. After various experimental
treatments, fluorescence images were obtained with a fluores-
cence microscope (IX-71, Olympus) and quantitative data were
analyzed with a FACS Calibur flow cytometer.
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A general approach to co-deliver two denatured antioxidant

enzymes by using MSN for a series nanoreaction in cells.

Introduction
In biological system, the addition effect is available mediated at through the

interaction between the two proteins with short distance. Two closed enzymes are
play a catalytic reaction in a space limitation that is called “cascade reaction”. No
matter addition or cascade reaction, the distance is a critical point for an efficiency
enzymatic reaction in cells. Recently, we reported a microemulsion-template method
for synthesizing hollow silica nanospheres (HSNs) for loading two antioxidant
enzymes, SOD and Catalase, in the cavity to carry out intracellular cascade
transformation of superoxide anion through hydrogen peroxide to water was
facile(small 2014, 10, No. 22, 4785-4795). But, the size of many biological enzymes
are significantly bigger than the inner space of HSNs or the loading efficiency is
limitative. Using individual nanoparticles to delivery two or multi denatured enzymes
whether could overcome all the limitations, including size, space, loading efficiency,
chemical solvents, and protein unstable, is still unclear (Analyst, 2012, 137,
4435-4439; Biomacromolecules, Vol. 7, No. 1, 2006; Chem. Eur. J. 2009, 15,
1170-1114; Angew. Chem. Int. Ed. 2014, 53, 146 —150).

In fact, as reported previously (J. Am. Chem. Soc. 2013, 135, 1516-1523), we have
developed a denatured protein delivery system which combined a MSN nanoparticle
carrier and TAT-SOD fusion protein. The combination between nanomaterial and
genetic engineer not only overcomes the limitation of protein delivery, including
chemical solvents, stability, and permeability, but provide a newly method for protein
therapy. In addition, our benefit is the TAT-SOD fusion protein, after E.coli
overexpression, was conjugated, purified and isolated by using FMSN-NTA-Ni via a
one-step metal affinity binding at the same time in the 10 % glycerol buffer. After the
protein denaturation of TAT-SOD conjugated FMSN (FMSN-TAT-SOD) in 8M urea, the
TAT-SOD fusion protein was refolded and exhibited specific activity in cells.

Although a very usefully method with a smartly procedure has been established, it is
not sufficient for its potential and application. Thus, it is necessary to develop the
following requirements: (i) it should be more simple, that is, one-step isolation,
conjugation and protein denaturation could be achieved in 8M urea at the same
times; (ii) it should be also suitable for another protein especially for the different




expressing type’s protein; and (iii) it should be capable of two or multi enzymes
delivery to regulate cellular function by a nanoreacting in cells. To address the
challenge and promote the promising system, in this study we further improved on
extending the applicability for different expressing types of protein delivery and
co-delivery of two denatured proteins by nanoparticles as a nanoreactor in cells.
Hence, we chose two antioxidant proteins with similar function for free radicals
scavenging, superoxide dismutase (SOD) and glutathione peroxidase (GPx), to be
demonstrated.

In prokaryotic protein expression system, genetic protein by molecular cloning often
was expressed in the supernatants (supernatant’s type) or pellets (pellet’s type) of E.
coli crude lysates based on their property. For example, SOD is a metalloprotein
expressed in the supernatants (mainly) and pellet (partly) (Ann. N.Y. Acad. Sci. 2005
1042 303-313). GPx, a special selenium-protein, was only mainly expressed and
precipitated in the E. coli pellets. The pellet’s type overexpression protein is a trouble
in preparation; N-Lauroylsarcosine (sarkosyl) was common used to lysis the E. coli
pellets and stable the expression protein activity, according to standard purification
procedure of prokaryotic overexpressed protein system (Meth Enzymol. 1996 273
144-145.). Therefore, the propose was to establish a procedure to verify that two
kinds of genetic engineering protein containing supernatant or pellet’s types could be
apply in this improved system to become more easily and quickly preparation,
without having to separate what types of protein were overexpressed in E.coli. On
the basis of the results shown in this paper, it has been examined that the pellets of E.
coli crude lysates expressed TAT-SOD or TAT-GPx could be directly lysed and
conjugated by adding FMSN-NTA-Ni nanoparticles under 8M urea condition. Finally,
the TAT-SOD or TAT-GPx protein functionalized FMSN, named as FMSN-TAT-SOD or
FMSN-TAT-GPx, was denatured and isolated at the same time after centrifugation. In
addition, our results displayed that FMSN-TAT-SOD or FMSN-TAT-GPx through this
procedure preparation also have enzymatic activity by refolding mechanism in cells
as well as our previous report’s method for FMSN-TAT-SOD. Along with these finding,
this improved system not only reserved original benefit such as sensitive by metal
affinity binding, but provided a more quickly, simpler and easy method to achieve the
denaturation, conjugation and purification at the same time by 8M urea. Here, the
purified TAT-SOD or TAT-GPx proteins on FMSN could be dissociated by adding
excessive imidazole for further identification and protein assay. The most important
is that we show the system is general and able to apply in different types of
overexpressed protein by genetic engineering.



Cellular uptake of nanoparticles is divided into energy-independent (non-endocytosis)
and energy-dependent (endocytosis) routes. Endocytosis is a major cell uptake
mechanism which involved in different pathway such as caveolae-mediated,
clathrin-mediated and micropinocytosis (NAT REV DRUG DISCOV 2010, 9, 615-627;
Nature 2003, 422, 37-44). In general, most of nanoparticles internalized with cell
membrane to form vesicles by endocytosis pathway, following the vesicles were
trapped in endosome/lysosome and moved along the cytoskeleton such as
microtubule (MT) into the microtubule-organizing center (MTOC) by kinesin and
dynesin (J. AM. CHEM. SOC. 2007, 129, 14759-14766; Chem. Soc. Rev., 2011, 40,
233-245; J Cell Biol. 2000, 150(5), 111-116; Nano Lett., 2014, 14 (5), pp 2515-2521).
In particular, Wang and co-workers found the interaction between TAT peptide and
cytoskeleton (PNAS 2011 108 (41) 16883-16888; PNAS 2007, 104,20805-), indicating
TAT peptide not only internalized by endocytosis, but interact with the membrane to
generate pore-like structure. Importantly, TAT has strong interaction with actin which
can remodel the cytoskeleton. Besides, TAT peptide also provide a non-endocytosis
delivery, endosome escape and proton sponge effect that could enhance the
efficiently nanoparticles delivery (Pharmaceuticals. 2012, 5(11), 1177-1209.).

However, to the best of our knowledge, by using individual nanoparticles to delivery
two or multi denatured enzymes as a nanoreaction in cells has not been reported in
literature. In this study, we fabricated MSN conjugated with two different types of
proteins and then co-delivered into cells to investigate effects of individual
nanoparticles on the addition reaction in cells. We hypothesized that there
nanoparticles, when they were moving and aggregating along the cytoskeleton into
the MTOC after the delivery, were not only trapped in endosome, but escaped by TAT
peptides that would allow them to very close to each other at same time, result in
increasing the cellular addition reaction. Therefore, the two proteins have more

probability to promote the nanoreaction duo to the short distance by nanoparticles

strategy.




2. Results and Discussion

For TAT-SOD and TAT-GPX Proteins conjugation, we constructed and overexpressed
the His-tag human Cu, Zn-superoxide dismutase (SOD) and human glutathione
peroxidase (GPx) which contain a human immunodeficiency virus (HIV) transducing
domain (TAT, 49-57)(Ann. N.Y. Acad. Sci. 2005 1042 303-313). The genes of TAT-SOD
and TAT-GPx were cloned and inserted into prokaryotic protein expression vector of
pQE-30 to form pQE-TAT-SOD and pQE-TAT-GPx (Fig 1la). The vectors were
transformed into JM109 E. coli and cultured in LB broth with IPTG protein induction
for 1 and 3 h. The TAT-SOD and TAT-GPx with high protein overexpression were
displayed in accordance with increasing induction time in 10 % SDS-PAGE
electrophoresis (Fig S1). To identify the overexpressed protein distribution, we
separated E.coli crude lysates in the supernatants (supernatant’s type) and pellets
(pellet’s type) by centrifugation after the IPTG induction for 3h. Then, the pellets of E.
coli crude lysates were treated with 8M urea to dissolve the pellets and following to
collect its supernatants after centrifugation. 10 % SDS-PAGE analysis revealed
TAT-SOD was overexpressed in the E. coil supernatants (mainly) and pellets (partly).
However, TAT-GPx significantly belonged to the pellets types of overexpressed protein
(Fig 1b). Finally, the supernatants of pellets of E. coli crude lysates expressed TAT-SOD
or TAT-GPx were tried to further directly conjugate in 8M urea.

FITC conjugated MSN (FMSN) was synthesized according to our previously
reported methods (J. Am. Chem. Soc. 2013, 135, 1516-1523). The NTA-Ni tethers
were conjugated onto FMSN to form FMSN-NTA-Ni with an average loading of Ni
content is 0.6 wt % by ICP-MS analysis. Based on the metal affinity between the Ni (I1)
and His-tag protein offered a tight linkage with a very low dissociation constant, the
FMSN-NTA-Ni was directly mixed with TAT-SOD or TAT-GPx proteins from the
supernatants of pellets of E. coli crude lysates under 8M urea without purifying. TEM
images show that these MSN particles possess well-ordered mesoporous structure
with an average particle size are ~ 50 nm (Figure 1c). DLS-determined size indicates
slight aggregation in solution (Table S1). In addition, the concentration of TAT-SOD or
TAT-GPx functionalized on FMSN-NTA-Ni was determined by Bradford assay by
measuring the supernatants through the 500 mM of imidazole digested the linkage
between the NTA-Ni and His-tag. We found the weight percent of TAT-SOD and
TAT-GPx on FMSN was 1.19 wt% and 1.22 wt%, respectively. The dissociated TAT-SOD
or TAT-GPx proteins from nanoparticles were identify by using Western blotting (Fig
1d). In brief, this method is able to not only contain the original benefit of one-step
conjugation and easy purification, but become simpler conjugation because the
pellets of E. coli crude lysates expressed TAT-SOD or TAT-GPx were directly lysed in
8M urea after the protein overexpression.



In this study, our strategy is to deliver the TAT-fusion denatured enzymes into cells.
To verify the FMSM-TAT-SOD or FMSN-TAT-GPx which is able to delivery into Hela
cells, 25-250 pg/mL of FMSM-TAT-SOD or FMSN-TAT-GPx was added to the DMEM
and incubated with HeLa cells for 4 h. Then, harvested cells were lysed with RIPA
buffer containing 500 mM imidazole for protein digestion from FMSN surface.
Western blotting of cell lysates was separately used to carry out the levels of cellular
SOD and GPx, which indicated both FMSN-TAT-SOD and FMSN-TAT-GPx have been
efficiently transduced into the Hela cells in a dose-dependent manner (Fig 2a). Flow
cytometry analysis was further utilized to quantitatively evaluate the cellular uptake
of FMSM-TAT-SOD or FMSN-TAT-GPx. After the treatment of Hela cells with diffe‘rent
concentrations of nanoparticles (25-250 pg/mL) for 4 h, the surface FITC fluorescence
signal of trypsinized cells was quenched by adding trypan blue for flow cytometric
assay. Not surprisingly, the cell uptake percentages were increased in accordance
with concentrations in Hela cells following treatment with FMSN-TAT-SOD and
FMSN-TAT-GPx. Obviously, the saturation concentrations of FMSN-TAT-SOD and
FMSN-TAT-GPx were 100 pg/mL and 50 pg/mL that reached about 80 % and 60 %
uptake percentage, respectively. (Fig 2b). At the same condition, the cytotoxicity of
FMSN-TAT-SOD or FMSN-TAT-GPx on Hela cells was examined. By using WST-1 assay,
figure S2 shown that FMSN-TAT-SOD or FMSN-TAT-GPx didn’t significantly reduce the
cell viability, indicating protein functionalized FMSN have good cell biocompatibility.

According to our previous report (J. Am. Chem. Soc. 2013, 135, 1516-1523), we
have demonstrated that denatured TAT-SOD on FMSN could be refolded successfully
in Hela cells with good cellular SOD specific activity in a dose-dependent manner. In
this study, we hypothesized that Hela cells, when co-delivery of TAT-SOD and TAT-GPx,
might exert a stronger addition effect. Hence, the restoration of enzymatic activities
of TAT-SOD and TAT-GPx in cells became a crucial point for this purpose. To address
this, FMSN-TAT-SOD and FMSN-TAT-GPx were delivered into Hela cells and the
specific activity was carried out, respectively (Fig 2c). As expected, FMSN-TAT-SOD
exhibited SOD activity via a dose-dependent manner. However, we found the
FMSN-TAT-GPx activity was saturated over the 50 pug/mL of nanoparticles, resulting in
the excess GPx might aggregate in cells to form inclusion body with the loss of
activity. We also considered the probability that the decreased activity was caused

through protein degradation or other intracellular mechanisms.

As described, both of the TAT-SOD and TAT-GPx proteins could delivery into Hela
cells and restore their activity. These enzymes are famous antioxidant enzyme which
are involved in scavenge free radicles in cells for protecting cell to against ROS
induced stress. To evaluate their potential as ROS scavenger, paraquat (N,




N’-dimethyl-4, 4’-bipyridinium dichloride, PQ), a specific superoxide anion generator,
was used to induce superoxide anion ( * OH™ ) production. First, we treated with
different concentrations of FMSN-TAT-SOD or FMSN-TAT-GPx for 4 h, then added 500
UM of PQ for another 24 h. The protection ability was determined by the cell viability
by WST-1 assay. Figure 2d showed that the treatment with FMSN-TAT-SOD or
FMSN-TAT-GPx significantly increased the cell viability compared with control
FMSN-NTA-Ni. Although FMISN-TAT-SOD or FMSN-TAT-GPx enhanced cell viability in a
dose-dependent manner, FMSN-TAT-GPx still had better ability to protect PQ induced
ROS damage than FMSN-TAT-SOD. One of reasons is FMSN-TAT-GPx plays a role in
quickly remove the hydrogen peroxide to avoid the Fenton and Haber-Weiss reaction
generated the hydroxyl radical ( + OH") (Science, 1998, 240, 640-642). Besides, control
FMSN-NTA-Ni exhibited a slight effect duo to the mesoporous structure might adsorb
part of superoxide anion or paraquat directly in cells.

As we know, SOD and GPx are powerful up-downstream antioxidant enzymes and
defense ROS in the living cells (Eur. J. Biochem. 1993, 215, 213-219). This property
acts as a suitable model to study the potential about nanoparticles based
nanoreaction by two enzymes co-delivery. For a better understanding, we therefore
co-delivered TAT-SOD and TAT-GPx functionalized FMSN into Hela cells. In order to
investigate the addition reaction could be occurred mediated at through the
co-delivery of FMSN-TAT-SOD and FMSN-TAT-GPx, we fixed the total particles weight
(50 pg/mL) and chose the ratio (1:1) of SOD and GPx (FMSN-TAT-SOD: 25 pg/mL;
FMSN-TAT-GPx: 25 ug/mL) to observe whether the combination was available for
enhancing cell viability after the PQ treatment. Figure 3a indicated that co-delivery of
FMSN-TAT-SOD and FMSN-TAT-GPx had more efficiency for reducing ROS induced cell
damage as compared to 25 or 50 ug/mL of single protein delivery. The single protein
delivery, either 25 ug/mL of FMSN-TAT-SOD or FMSN-TAT-GPx, only slightly enhance
the cell viability. Obviously, the addition reaction which was occurred via co-deliver
of FMSN-TAT-SOD and FMSN-TAT-GPx (ratio: 1:1) significantly helped cells to against
the stress. However, nether 50 ug/mL of FMSN-TAT-SOD nor FMSN-TAT-GPx delivery
also could not effect batter than the co-delivery. To further verify the hypothesis of
addition reaction for ROS protection, we tested the assumption by quantitating ROS.
ROS was stained with dihydroethidine (DHE) (J. Neurosci., 1996, 16(4), 1324-1336)
after the co-delivery with PQ treatment following detection by flow cytometry. As
compared with figure 3a, we found the same results that the co-delivery of
FMSN-TAT-SOD and FMSN-TAT-GPx had the best ability for scavenging ROS. As
described above, we are the first to demonstrate the nanoparticles based co-delivery
of two up-downstream enzymes may contribute the metabolic benefit in sequential

catalytic reactions.



After treated with the co-delivery of FMSN-TAT-SOD and FMSN-TAT-GPx and PQ,
we also imaged the ROS production by using fluorescence microscopy. Results
observed in Figure 3c showed less red fluorescence indicated the endogenous ROS in
Hela cells without treatment. In contrast, the red fluorescence dramatically
increased after cells were treated with 500uM PQ. While the treatment with
co-delivery of FMSN-TAT-SOD and FMSN-TAT-GPx (ratio: 1:1), the red fluorescence
dramatically disappeared, indicating a significant declining of ROS level. Subsequently,
the effect of co-delivery of FMSN-TAT-SOD and FMSN-TAT-GPx (ratio: 1:1) on the
percentages of cell cycle phase (G1, S and G2/M) were quantified by flow cytometry.
The results of cell cycle distribution (fig. 3d) displayed PQ induced S phase arrest that
indicated cells can’t process from mitosis into G2/M phase. In contrast, as the control,
FMSN was ineffective. PQ induced S phase arrest could be progressed when the
FMSN-TAT-SOD and FMSN-TAT-GPx were co-delivered into cells, suggesting all the
phases were recovered. Thus, the promoting proliferation property of the co-delivery
of FMSN-TAT-SOD and FMSN-TAT-GPx (figure 3a) could be attributed to increasing cell
cycle progression.

Because intracellular ROS could induce cell damage and turn on different signal
pathways, we wonder if the p-p38 and COX Il proteins expression level could be
up-regulated in Hela cells. Western blot assay resolved the protein expression levels
and o-tubulin was used as a loading control. As a stress-activated mitogen-activated
protein kinase (MAPK) pathway, p-p38 protein is an important biomarker to detect
and respond to intracellular oxidative stress (J Biol Chem., 2004, 279(19),
20451-20460). Additionally, Cyclooxygenase Il (COX Il), a mainly inflammation
biomarker, is induced by ROS (Diabetes, 2003, 52, 2570-2577). From the western
blotting results of Figure 3e, the expression level of p-p38 and COX Ii in Hela cells
could be activated after treating with PQ. But, control FMSN didn’t inhibit the higher
level expression of COX Il and p-p38 under the PQ treatment. Co-delivery of
FMSN-TAT-SOD and FMSN-TAT-GPx (ratio: 1:1) exhibited good protection ability to
decrease the PQ induced p-p38 and COX Il protein expression. Importantly, this result
was similar to cell cycle result in figure 3d. In conclusion, our results demonstrated
that nanoparticles based protein co-delivery is potential and the addition reaction
can be occurred.

Based on our previous report that TAT peptides of FMSN-TAT-SOD expressed by
genetic engineering provided an efficiently delivery via the pathway of
non-endocytosis or endosome escape mechanism as well as chemical synthesized
TAT conjugated nanoparticles (J. Am. Chem. Soc. 2013, 135, 1516-1523). The
purpose of the present study was investigated the internalization mechanism of
FMSN-TAT-SOD on the pathway of endo- or non-endocytosis (Figure 4a). Endocytosis




is a mainly energy-dependent pathway when cells uptake nanoparticles. We removed
energy by low temperature (4°C) (J Biol Chem., 1981, 256(6), 2615-2617) or by the
treatment with sodium azide and 2-deoxyglucose (ATP depletion) (J Cell Biol., 1990,
111(6), 2307-2318), suggesting there were only 40 % FMSN-TAT-SOD through
non-endocytosis uptake compared to controls. Filipin Il has been reported to
specifically block caveolae-mediated uptake (MOLECULAR THERAPY Vol. 8, No. 2,
August 2003). The uptake of FMSN-TAT-SOD was reduced by 40% under the Filipin Ill
treatment. No significant effect was observed on the uptake of FMSN-TAT-SOD with
the treatment of chlorpromazine, an inhibitor of clathrin-mediated pathway (The
Journal of Cell Biology, Volume 123, 1993). However, while the treatment with
amiloride, a well-known macropinocytosis inhibitor (J. Cell Biol. Vol. 188 No. 4
547-563), the uptake of FIMSN-TAT-SOD was reduced by approx. 30%. Taken together,
our data revealed that FMSN-TAT-SOD was internalized by cells via an
energy-independent and dependent (caveolae-mediated endocytosis and
macropinocytosis) process (Nature Medicine, 2004, 10, 310 - 315).

In an effort to explore why the addition phenomenon could be observed in Figure
S3. Hela cells were co-delivered with FITC labeled FMSN-TAT-SOD and FMSN-TAT-GPx
(ratio: 1:1) for 4h and stained with SOD (Alexa-568, blue) and GPx (Alexa-647, red).
Confocal microscopy imaged both nanoparticles could enter Hela cells with good
uptake (Fig S3 a-c). As shown in Fig S3d, the merge images (cyan) indicated TAT-SOD
(blue) was co-localized with FMSN (green). The merge images (yellow) displayed the
overlapping of FMSN (green) and TAT-GPx (blue) in Fig S3e. The results of fig S3d-e
revealed both proteins were conjugated on the FMSN in Hela cells. It is worth noting
that part of FMSN-TAT-SOD and FMSN-TAT-GPx were co-localized in the cytoplasm
from the co-localization images of FMSN (green), TAT-SOD (blue) and TAT-GPx (red)
that could explain why the addition reaction might be occurred (as the white
arrows indicated in Figure S3f). To more detail confirm the phenomenon, TAT-SOD
and TAT-GPx were separately conjugated with different fluorescence nanoparticle
(FITC-MSN-SOD and RITC-MSN-GPx) to trace the distribution. Super-resolution (SR)
localization microscopy is a class of techniques that enhance the spatial resolution of
an imaging system. Thus, after the co-delivery into Hela cell, direct stochastic optical
reconstruction microscopy (dSTORM), one kind of super-resolution localization
microscopy was utilized to observe the distribution of FMSN-TAT-SOD (FITC-labeled,
green), RMSN-TAT-GPx (RITC-labeled, red) and a-tubulin (Alexa fluor 647-labeled,
blue) with a nanoscale imaging resolution of 25 nm (Cell Cycle 11, 3611-3626 (2012).).
As shown in Figure 4b, we saw lots of nanoparticles were moving and aggregating
along the a-tubulin via an endocytic mechanism; the images revealed yellow dots on
the a-tubulin, which indicate co-localization of FMSN-TAT-SOD and RMSN-TAT-GPx.



These nanoparticles could escape from endosome by TAT peptides for promoting the
nanoreaction. Besides, part of nanoparticles which were not distributed on the
a-tubulin still could observe the colonialization of FMSN-TAT-SOD and RMSN-TAT-GPx
through a non-endocytic mechanism. In brief, we demonstrated that the cascade
reaction are available by co-delivery of two denatured up-downstream enzymes by

nanoparticles.
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Fig 1. Characterization of Nanoparticles. (a) The gene construct of pQE-TAT-vectors. (b)
The isolation of crude lysates from E.coli overexpression proteins in 10% SDS-PAGE. S:

supernatants; P: pellets. (c) TEM images. (d) Protein identified by using Western

blotting. After the protein conjugation, TAT-SOD or TAT-GPx proteins were dissociated

from FMSNSs via 500 mM of imidazole digestion.
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Fig 2. Hela cells were treated with different concentrations of FMSN-TAT-SOD and
FMSN-TAT-GPx (25-250 pg/ml) for 4h. (a) Western blot results for intracellular SOD
and GPx levels. (b) Cellular uptake efficiency. (c) Enzymes activity assay. (d) The
protection ability of FMSN-TAT-SOD and FMSN-TAT-GPx under 500 uM of paraquat
treatment by using WST-1 assay.
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Fig 3. The protection effect of co-delivery of TAT-SOD and TAT-GPx into Hela cells. (a)
Enhanced cell viability by using WST-1 assay. (b) ROS detection. The levels of ROS
were stained by DHE assays and quantified by flow cytometry. (c) Fluorescence
microscopy images the ROS expression. (d) Cell cycle analyses. The graphs of figure
3e are representative of the three independent experiments, each showing similar

results. (e) Western blotting assays of the levels of COX II and

p-p38. The

concentration of PQ and co-delivery of FMSN-TAT-SOD and FMSN-TAT-GPx (1:1 ratio)

are 500 uM and 25 ug/mL, respectively.
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Fig 4. (a) Mechanisms of cell uptake of FMSN-TAT-SOD. Hela cells were pretreated
with different pathway inhibitor for 1h, then treated with 50 ug/mL FMSN-TAT-SOD
for another 4h in the presence of various types of inhibitors. (b) Super-resolution
localization microscopy images the distribution of co-delivery of FMSN-TAT-SOD and
FMSN-TAT-GPx in Hela cells. a-tubulin (Alexa fluor 647-labeled, blue), FMSN-TAT-SOD
(FITC-labeled, green) and RMSN-TAT-GPx (RITC-labeled, red). The vyellow color
indicates colonialization of TAT-SOD and TAT-GPx.

- == S “

Table S1. Physical properties of nanoparticles. Dynamic light scattering (DLS) for
particle sized and zeta potential for surface charge in different solutions. Nickel
content is determined by ICP-MS and protein amount is quantified by Bradford assay.
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Figure S1. TAT-fusion protein overexpression. TAT-SOD and TAT-GPx proteins were
overexpressed from pQE-TAT-vectors by IPTG induction within 0, 1, 3 hr in E. coli

express system.
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Figure S2. Cytotoxicity of FMSN-TAT-SOD and FMSN-TAT-GPx with different
concentrations on Hela cells by using WST-1 assay
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Figure S3. Confocal microscopy images. {a-c) Intracellular distribution of SOD, GPx
and nanoparticles. (d) Co-localization of SOD and FMSN (cyan). (e) Co-localization of
GPx and FMSN (yellow). (f) Co-localization of SOD, GPx and FMSN (White).



- BEMY T MR RN B MR (RS | W D B S

A Y

0990C TOVAMEOT + UL B 2Ll

HYEEIE  BYheisin
EE@ B2
Azmﬁmﬁ¢vmm*mmmw@:m D PRERAEHY

CAN- 120~ CTO0-W-€112-€0T ISOW : HElsEE |8

1€/L0/G0T ~ T0/T1/€0T : RHHLNGEET

(BRERY: 0€ 8)  TCT/0T/€0T 991 HEf8 X- 0f &

000°909‘¥ 000°0LS | -mmmeme-- 000007 000°00L 000°9¢1°¢ £ 2
By
IEFHOTHS0T | 000°%67°T 000°98C | -ommee- 000°00T | -mmm-e-- 000°806°T Y01
SECEmAG | , . , o
IS EHCHsy0T | 000°C1¢‘T 000 #8C | mmmmeme- 0007001 000 00L 000°82CT 1 €01
MBS U ] ) ] .
FESHos | B 3 | B B B | wAYE | MUZUE | BWEn | B % % | ® %
(VhHIEREOERE  Mhd Y & X EYRETE : ZNG
W ABTHEEC [ gL Tok3e ) w1 b ] w_._&m@mE



1£000°000° T : FIEIE I ch =
(FEILED B2 Tmt— - el

TAK- 120~ TOO-W-€112-€0T ISOW : YsisEs s 1€/L0/S0T ~  T10/T1/€0T : RHELNG:
000°21€°C 8LE90T‘S 42 &
000 3¢ 616°91S Hifrg
EfmEsAaN By « — , n
1£000°001 : EslzEsdE 2R « — | 000°001 000°00¢ I E
A EREE | 000°00L 000°0TL T SR
20000 mmmimwmmﬂﬁmmmmw =
H B2V hEES)1L000°00L : BHEEE T EE - i « m@% N
10000 ¥8¢ F TS ey 2 Sl
10000 YY1 Z ¢S e EAEHI T 6 AT T B , o
2£000° 876 - MRJ\#% — 1000°82C°1 6SY6LL T BEEk
Ha ue B 7 BT Ee H Erlie
(e Xt ) 5hE Hhd Y & £ BEYEEIE gL
BEERNTIE [ (TP Tk M) s plfd ]
(BB 0€ &) CT/0I/€01 991  EERE - O¢ &




100004000° T : ZIHEEH T B
(FRIEE) B TRt —  REataet

TAN- 120~ TOO-W-£T1TT-€0T ISOW : YEue=E 2 I€/L0/S0T ~ 10/80/¥07 : MlHH LI
000°¥62°C LTL ¥¥6°9 18 g
000°98¢ G600 ¥8L Hifrg

. BEIISAN HEY « T n n N
1£000°007 : s amsEEH « — | 0001001 000°00T B4
0 000°00%°T b A
mooonmmm%%m&ﬁﬁm_ﬁﬁ =
FH 82 U ch B 2 )0L000° 006 : FHESEL TR 0 W3
10000 YOSZ e SRR H AT T &l 'C
2000 PP IR TS AL E LI IETEY “ 1 o o o
2£000°800° 1 : ELOYREHY « — | 000°806° 1 7€9°09S‘y Bk
H BT A EEASE e El B
(Y ch 22 e o ) 2hE Hohdz:Y #f £ EBYEETE « L
BHEENSCE [ (00O ) E w1 Fdh )
(REELY- 0 £5)  TT/0T1/€0T 997  HEfE ) Of &






