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ABSTRACT: Intracellular delivery of proteins can directly impact dysregulated and dysfunctional proteins and is a key step in the fast growing
field of protein therapeutics. The vast majority of protein-delivery systems enter cells through endocytic pathways but endosomal escape is a
difficult and inefficient process, demanding fundamentally different methods of delivery. We report ultrasmall molecularly imprinted nanopar-
ticles that bind protein targets with high specificity through their uniquely distributed surface lysine groups. The nanoparticle-protein com-
plexes enter cells even when energy-dependent endocytic pathways are inhibited. The micromolar binding affinities of the nanoparticle for the
proteins are strong enough for the cargos to be bound during loading and transportation but weak enough to be released in cytosol, for them to
interact with the desired cellular targets. The nanoparticles display low cytotoxicity to cells and can be functionalized with fluorescent labels
through click chemistry for easy tracking. Both the molecular imprinting and the delivery work well for proteins with a range of molecular
weights and isoelectric points, affording a convenient method to manipulate cellular functions and intracellular reactions through delivered

proteins.
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INTRODUCTION

As workhorses of cells, proteins are involved in practically every
biological process. Not surprisingly, aberrant production, function,
or degradation of proteins is often associated with pathological
states of a cell. Although small molecule drugs and nucleic acids may
be administered to help correct protein dysregulation/dysfunction,
a method receiving increasing attention is the intracellular delivery
of therapeutic proteins.” Protein drugs represent one of the fastest
growing therapeutics,’ frequently dominating the list of the top-sell-
ing drugs in recent years.*

As large hydrophilic molecules, proteins do not cross plasma
membranes spontaneously. Physical methods for intracellular pro-
tein delivery include membrane perforation and microinjection, but
these invasive procedures may cause cell damage.! Arginine-rich
cell-penetrating peptides enable various hydrophilic molecules in-
cluding proteins to traverse cell membranes.® Their conjugation to
proteins, however, could alter the latter’s property or intracellular lo-
cation.’ In recent years, a wide range of materials have been investi-
gated for intracellular delivery of proteins, including self-assembled
polymer networks,” boronic-functionalized® and dendritic® poly-
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peptides,” inactivated neurotoxin,”** engineered virus-like parti-

cles," a bacterial contractile injection system,'® among others.""’
From a fundamental point of view, in order for a material to de-
liver protein cargos into cells, it first needs to bind the protein using
covalent or noncovalent bonds. Covalent bonding requires chemical
modification of protein, which complicates the process, requires ad-
ditional purification steps, and may also change the properties of the
protein. A large challenge in developing noncovalent protein-deliv-
ering materials comes from the binding itself: a strong enough bind-
ing is needed during cargo loading and translocation, while the cargo

still has to be released readily once it gets inside the cell. As it stands,
protein recognition by synthetic materials is an unsolved prob-
lem.'®" Another challenge is derived from the pathway for cell entry
after protein binding and, even if internalized, whether the protein
can reach cytosol, the intended destination. Most polymers and na-
nomaterials enter cells through endocytosis® and endocytic escape
is widely recognized as the rate-limiting step in the intracellular de-
livery of therapeutics.”!

In this work, we report a class of ultrasmall polymeric nanopar-
ticles that bind their target proteins with high specificity to help
them enter cells. The micromolar binding affinities enable the nano-
particles to carry a wide range of proteins into cells and release them
readily into the cytosol. The nanoparticles display low cytotoxicity
to cells, despite their positive nature. The delivery occurs in the pres-
ence of endocytosis inhibitors even when ATP is depleted in the
cells. The cargos, whether enzymes or other functional proteins, re-
tain their activities inside the cells and may be used to catalyze in-
tended reactions and modulate cellular functions.

RESULTS AND DISCUSSION

Our ultrasmall protein-binding nanoparticles are prepared
through molecular imprinting.”?* The technique generally involves
polymerization of a mixture of functional monomers (FMs) and
cross-linkers in the presence of template molecules (T). Upon im-
printing, the FMs turn into binding groups around the templates in
the resulting polymer network. Removal of the templates leaves be-
hind binding sites or molecular imprints ideally complementary to
the original templates in size, shape, and distribution of functional
groups.

Molecular imprinting of proteins is highly challenging and the
few methods reported all have shortcomings,*® as a result of difficul-
ties associated with the large size and complex functional groups on



the protein template, insolubility of protein in organic monomers,
fragile nature of protein, lack of FMs for binding protein surface
groups strongly and selectively, and difficulty in the molecular recog-
nition in water.? For intracellular delivery of proteins, conventional
macroporous molecularly imprinted polymers (MIPs) are unsuita-
ble due to their macroscopic nature and insolubility.

Scheme 1 shows our method to construct protein-recognizing
cationic nanoparticles for intracellular delivery. Part of the motiva-
tion for developing such materials comes from the ability of small
(5-10 nm) cationic gold nanoparticles to enter cells through direct
membrane penetration.” Molecule 1 is a cationic surfactant with a
tripropargylammonium headgroup and a hydrophobic tail with a
polymerizable methacrylate at the end. Its micelles are used to solu-
bilize FM 2 and 2,2-dimethoxy-2-phenylacetophenone (DMPA) in
water, while a water-soluble free radical cross-linker (N,N’-meth-
ylenebisacrylamide or MBAm) is in the aqueous solution. Addition
of diazide 3 and Cu(I) cross-links the micelle on the surface by the
click reaction, before the protein template is added.

It is crucial that the surfactant micelles are cross-linked before
the addition of the protein template, because surfactants can dena-
ture proteins. Indeed, mixing surfactant 1 and proteins in aqueous
solution frequently gives a precipitate in our hands. On the other
hand, surface-cross-linked micelles (SCMs) are water-soluble cova-
lent nanoparticles with little surface activity, as the covalently cross-
linked surfactants cannot diffuse away to interact with the protein
and the hydrophobic tails are tucked inside.”® FM 2 contains a highly
electrophilic trifluoromethyl ketone, known to react with primary
amine quickly and reversibly to yield a hemiaminal.***° An ortho-am-
ide group can promote the reaction through an intramolecular hy-
drogen-bond. Two such groups have been reported to bind « amino
acids with an association constant of K, = 10’ M in acetonitrile.*!

As shown in Scheme 1, although overall hydrophobic, FM 2
contains two polar groups that should give the molecule some solu-
bility in water, so that it can migrate into the aqueous phase to react

with the surface lysine groups on the protein template. Once some
hemiaminals are formed, the protein is equipped with several hydro-
phobic “anchors” (i.e., the FM 2—-amine hemiaminal adducts) that
prefer to re-enter the SCM. For a dynamic, uncross-linked micelle,
the hydrophobic voids left upon the exit of hydrophobic guests will
be quickly filled by rearrangements of the surfactants (to avoid unfa-
vorable water/hydrophobe contact if the voids are filled with water
molecules). For the SCM, rearrangements of the surfactants are con-
strained by the cross-links and are expected to introduce stress to the
cross-linked polymer network, as the network was formed in the
presence of the FMs (essentially lightly imprinted for the FMs). Re-
filling these voids with the original guests or similarly sized hydro-
phobic molecules should be energetically favorable.

Once the hemiaminal moieties enter the SCM (to form the
SCM-FM-protein complex shown in Scheme 1), the hydrophobic
microenvironments shield the hemiaminals from water, slowing
down their hydrolysis. On the other hand, any hemiaminals in the
aqueous phase are expected to undergo reversible hydrolysis and re-
formation in a dynamic equilibrium.”* Our hypothesis is that these
fast and reversible reactions will enable the SCM-FM-protein com-
plex to equilibrate to a state in which several nearby FM hemiaminals
are stabilized simultaneously by the SCM through hydrophobic
shielding. This is an example of dynamic covalent chemistry, which
allows a system constructed through reversible covalent bonds to
settle to the most stable state during thermodynamic equilibration.*”
35

The micelle-solubilized DMPA is a photo initiator. UV irradia-
tion will cross-link the micellar core with the SCM-FM-protein
complex, fixing the positions of the FMs in the cross-linked micelles
and converting them into protein-binding functional groups. On the
other hand, MBAm is a water-soluble radical cross-linker. With the
initiating and propagating radicals confined in the cross-linked mi-
celles, MBAm molecules can only undergo polymerization when
they diffuse to the surface of the micelle. A layer of hydrogen-bond-

o m—— .

o] n 1 V4 o] H OH H
ﬁﬂo/\/\/\/\/\/\:'\‘/\ Br + O Na\)\gH\Na 3

A e
* o o DMPA TN = .
nxFM2 ﬁuAuH LR s
MBAmM
cu(l), 3
O\O“O‘O'OO'O YN
K ) X
g O OH o/é.
60 Q O);O Lg"” EM 2 (@) hv NP-protein complex K&
FM 2 : )

H Q \
Q o o o o (D) CU(l), 4/
oo O ?\0 >,_g I/\/O\/\/\:K’E NH HN €O

), g OsNH O-O -o00c¢,

90009 2R o971 C0
p OH OD /H =
ScM Y&*B,_ ™+ protein 3
N H -
\\\\ O /n CO0
a S
O, Q
90000

SCM-FM-protein

NP

complex coo~

Scheme 1. Preparation of protein-recognizing nanoparticle (NP) via molecular imprinting of surface-cross-linked micelle (SCM). The black

curved lines on the surface of the NP represent the clicked surface ligands 4.



ing amide groups is expected to form near the water/surfactant in-
terface of the micelle, with some of them fixed in the protein-binding
configurations. This strategy has worked successfully in the imprint-
ing of amphiphilic molecules such as 4-nitrophenyl-a-p-glucopyra-
noside, strengthening its binding by 180-fold.*

At the end, the doubly cross-linked nanoparticles (NPs) are ex-
pected to have covalently fixed trifluoromethyl ketone groups near
the surface, with their number, distance, and orientation matching
those of certain surface lysines on the protein (Scheme 1). The
cross-linked MBAm molecules near the binding site represent sec-
ondary binding groups, supplementing the reversible covalent
bonds with hydrogen bonds and help the NPs bind the templating
protein. In addition, the binding could be strengthened by any hy-
drophobic/electrostatic contact established between the two bind-
ing partners. Our group has used molecularly imprinted nanoparti-
cles to recognize proteins previously.”” The previous method, how-
ever, relies on the imprinting of a flexible peptide sequence of the
protein and thus requires both structural information of the protein
and separate peptide templates. A long, flexible peptide must be pre-
sent in the protein to be imprinted.

Our initial protein template for testing the design hypothesis is
commercially available FITC-labelled BSA or F-BSA since its fluo-
rescence allows its intracellular delivery to be monitored easily (vide
infra). As shown in Table 1, NP(F-BSA) prepared according to
Scheme 1 binds F-BSA with a binding constant (K.) up to 49.5 x 10*
M (entry 1), as determined by isothermal titration calorimetry
(ITC). The ~2 micromolar Kp value translates to nearly 7.8
keal/mol of binding free energy (-AG). Consistent with the design,
the trifluoromethyl ketone FM 2 is critical to the binding (entries 1-
4) and the binding becomes negligible in its absence, affording a

Table 1. ITC Binding data of NP(FITC-BSA)

relative binding constant of K. < 0.00S (entry 5) normalized to that
of the highest binding achieved with 20 equivalents of the FM 2 (en-
try 1).

Table 1 shows that NP(F-BSA) also binds underivatized BSA,
albeit with a reduced relative binding constant of K. = 0.35 (entry
6). This is a reasonable result because the FITC-labeling of BSA con-
sumes some of the reactive lysine groups on the protein, and thus F-
BSA differs from BSA in size, shape, and distribution of reactive ly-
sine groups. Likewise, nanoparticles imprinted against the parent
protein, i.e., NP(BSA), binds BSA more strongly than F-BSA (en-
tries 7 and 8). Hence, the imprinted nanoparticles can distinguish
whether the protein carries the FITC labels. The strong molecular
imprinting effect is also evident from entry 9, which shows nonim-
printed nanoparticles (NINPs) prepared without any templates
have minimal binding for the protein. Lastly, all the nontemplating
proteins tested display weak binding toward NP(F-BSA) (entries
10-17), highlighting the selectivity of the protein-binding nanopar-
ticle for its target.

Among differently charged nanoparticles, cationic ones often
enter cells most readily.***' The zeta potential of NP(F-BSA), F
BSA, and an equimolar mixture of NP(F-BSA) and F-BSA are 26.4,
-15.2,and 20.7 mV, respectively (Figure $6). Our initial experiments
were indeed very promising. In the absence of the nanoparticles,
minimal cell entry is observed (Figure $9a). When MDA-MB-231
cells are incubated with a 1:1 mixture of F-BSA and NP(F-BSA), the
green fluorescent protein is clearly seen inside the cells (Figure S9b).
For the samples treated with the NP—nanoparticle mixture, a longer
incubation time leads to stronger fluorescence of the cells that seems
to accumulate in the nuclei.

K, -AG -AH TAS
entry  FM/Template host guest (x 10*M™) Kea (kcal/mol)  (kcal/mol)  (kcal/mol)

1 20:1 NP(F-BSA) F-BSA 49.5+5.7 1 7.77 16.71 £0.64 -8.94
2 15:1 NP(F-BSA) F-BSA 35.0+3.6 0.70 7.56 23.79£0.78 -16.23
3 10:1 NP(F-BSA) F-BSA 29.3+3.5 0.59 7.46 26.58 £1.23 -19.12
4 5:1 NP(F-BSA) F-BSA 103+ 1.4 021 6.84 3.40+0.32 3.44
S 0:1 NP(F-BSA) F-BSA <0258° <0.005 4.64 - -
6 20:1 NP(F-BSA) BSA 17.3+12 0.35 7.15 2.89 £0.08 426
7 20:1 NP(BSA) BSA 56.5+4.1 1 7.85 22.58 £ 0.64 -14.73
8 20:1 NP(BSA) F-BSA 212+1.8 0.38 7.27 1.86 +£0.05 5.41
9 20:0 NINP F-BSA <0.21° <0.004 4.54 - -
10 20:1 NP(F-BSA) OVA 3.63+0.62  0.073 6.22 8.42 £4.07 -2.19
11 20:1 NP(F-BSA) HRP 478 £024  0.097 6.38 13.64 £0.77 -7.26
12 20:1 NP(F-BSA) amylase 3.15£025  0.064 6.14 17.48+2.78 -11.34
13 20:1 NP(F-BSA) lysozyme 222+047  0.045 5.93 13.01 £4.22 -7.08
14 20:1 NP(F-BSA) trypsin <0.87 0.018 5.38 - -
15 20:1 NP(F-BSA) transferrin <0.13° 0.003 4.23 - -
16 20:1 NP(F-BSA) Cyt-c 2.88+£0.53  0.058 6.08 13.45 + 5.40 -7.37
17 20:1 NP(F-BSA)  chymotrypsin <0.17° 0.003 4.42 -

“Titrations were performed at 298K in 10 mM HEPES buffer (pH=7.5) in triplicates, with the errors among the runs <5%. NP(F BSA)
was prepared using a ratio of [1]/[3]/[4]/[MBAm]/[2]/[F-BSA] = 50:50:100:100:20:1. Characterization of the NPs are found in the Sup-
porting Information (Figures S1-S6). Typical ITC titrations curves are shown in Figure S7-S8. ® The binding constant was estimated from

ITC.



Figure 1. Fluorescent images of MDA-MB-231 cells after 2 h of incubation with 20 yM F-BSA and 20 yM of NP(F-BSA) at 37 °C. The nuclei
were pre-stained with Hoechst 33342. The insets were magnified views of a selected region of cells, in the green channel and with overlaid green

and blue channel images, respectively.
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Figure 2. (a) Mean fluorescence intensity (MFI) of differently treated MDA-MB-231cells at 37 °C for 2 h: PBS buffer, 20 uM F-BSA, 20 uM
F-BSA and 20 pM NINP, 20 uM F-BSA and 20 uM NP(F-BSA); Data are shown as mean + SD. (n = 3). * p<0.05, ** p<0.005, *** p<0.001, ns:
no significant difference. Comparison between the two groups is analyzed by independent Sample’s T-test. (b) Percent uptake of F-BSA by
MDA-MB-231 cells after 2 h at 37 °C as a function of the binding constant of NP(F-BSA) for F-BSA (Figure S10). (c) Percent uptake of F-BSA
by MDA-MB-231 cells after 2 h at 37 °C in the presence of different inhibitors (Figure S11): sucrose = hypertonic sucrose; CPZ = chlorprom-
azine; DOG+Azide = 2-deoxy-D-glucose + sodium azide; MBCD = methyl-p-cyclodextrin; Data are shown as mean + SD. (n = 3). * p<0.05, **

p<0.008, *** p<0.001, ns: no significant difference. Comparison between the two groups is analyzed by independent Sample’s T-test. (d) Intra-
cellular delivery of F-BSA by NP (F-BSA) to MDA-MB-231, A-375 and SK-MEL-28 cells after 4 h at 37 °C.

Figure 1 shows a high-resolution fluorescent image of the
MDA-MB-231 cells after treatment with a 1:1 mixture of F-BSA and
NP(F-BSA). Diffuse staining of the cells in the cytosolic region is
observed while many organelles are not stained.

Figure 2a shows the normalized mean fluorescence intensity
(MFI) of differently treated MDA-MB-231cells. The PBS-treated
sample gives an indication for the background fluorescence which is
very weak. F-BSA by itself or in the presence of NINPs also stains the
cells minimally. In the presence of NP(F-BSA), in contrast, F-BSA is
clearly able to enter cells, affording an MFI 20-30 times stronger

than the value obtained with F-BSA or F-BSA + NINP. Consistent
with the binding-enabled intracellular delivery, Figure 2b shows the
% uptake of F-BSA by the cells correlates positively with the binding
constant between the protein and NP(F-BSA)—the five data points
in Figure 2b corresponds to the nanoparticles prepared with differ-
ent amounts of FMs in Table 1 (entries 1-5).

Cell entry of nanoparticles strongly depends on their size,
charge, and amphiphilicity.**** Endocytosis is the dominant pathway
for cationic nanoparticles 10-100 nm in size® but cationic gold na-
noparticles <10 nm have been shown to enter cells by direct



membrane penetration.”” Since our cross-linked micelles are ~ S nm
in diameter and cationically charged, we reasoned there was a good
chance for them to take nonendocytic pathways.

Indeed, the facilitated delivery of F-BSA by NP(F-BSA) is only
slightly affected by two inhibitors for the clathrin-mediated endocy-
tosis (CME), i.e., hypertonic sucrose and CPZ (chlorpromazine).*
Thus, CME is not a major contributor (Figure 2c). Since amiloride
also displays a weak inhibitory effect, micropinocytosis is not a sig-
nificant pathway either.** 2-Deoxy-D-glucose (DOG) and sodium
azide together suppress all energy-dependent cell entries by deplet-
ing ATP in the cells. Even though they inhibit the F-BSA uptake sig-
nificantly, 40% of the cell uptake remains under this condition and
should be derived from energy-independent pathways that remain
active. Methyl-B-cyclodextrin (MBCD) depletes cholesterol from
cell membranes and can inhibit CLIC/GEEC endocytosis* and li-
pid raft-mediated uptake processes such as membrane fusion and
caveolae-mediated endocytosis.***’ Its strong inhibitory effect (Fig-
ure S9d) suggests that either these pathways are major contributors
to the facilitated cell entry or the energy-independent cell entries
happen in cholesterol-rich domains and/or require cholesterol to be
efficient.

The intracellular delivery of F-BSA works well across different
cell lines. Figure 2d shows that F-BSA with the help of NP(F-BSA)
is able to enter MDA-MB-231, A-375, and SK-MEL-28 cells all very
well and only 30-60 min of incubation period is needed to observe
delivery signal from the cells (Figure $12). The nuclei of these cells
are pre-stained with blue-emitting Hoechst dye before the cell up-
take experiments. The fluorescence imaging indicates that the pro-
tein can enter the nuclei of all three cell types and the nuclear accu-
mulation is particularly strong for the SK-MEL-238 cells.

Generally speaking, it is difficult for endocytosed proteins to es-
cape endo/lysosomes,’>” let alone for them to enter nuclei within a
short period of time. Nuclear accumulation is considered a strong
indicator for cytosolic delivery, because only proteins in the cytosol
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can enter the nucleus (through the nuclear pore complex, as long as
the protein is smaller than the 9-12 nm cutoff size).** Figure 2d,
hence, corroborates with the above inhibitory studies (Figure 2c)
and indicate that the nanoparticles could deliver proteins readily
into the cytosol.

Our protein-binding nanoparticles are normally functionalized
with surface ligand 4 through the click chemistry (Scheme 1). This
sugar-derived monoazide is used so that the resulting nanoparticles
can be precipitated from acetone while the templating protein is re-
moved by solvent washing. To further confirm the facilitated deliv-
ery, we labeled NP(F-BSA) with azido-containing lissamine deriva-
tive § before the addition of 4, so that the resulting NP(F-BSA)* can
be visualized under a fluorescence microscope (Figure $13).

With F-BSA having a green emission and NP(F-BSA)* red, we
can monitor their co-localization inside cell. For these experiments,
cells were stained with the blue-emitting Hoechst nuclei dye (Figure
3a). The red channel images shows that NP(F-BSA)* is taken up by
the cells (Figure 3b) and the green channel shows F-BSA also enters
the cells (Figure 3c). Overlay of the red- and green-images shows
many yellow regions (Figure 3d,e), as a result of co-localization of
the protein and the nanoparticles. Some parts of the cells appear
green, indicating some F-BSA proteins have been released from the
nanoparticle carriers. Similar result was obtained when the experi-
ment was carried out with other cell lines (Figure S14).

FITC channel (F-BSA)

Figure 3. (a—f) Fluorescence imaging of MDA-MB-231 cells incubated with 20 pM F-BSA and NP(F-BSA)*: (a) image of cells in the blue
channel (to visualize the nucleus-binding Hoechst 33342); (b) image of cells in the red channel (to visualize NP(F-BSA)*); (c) image of cells
in the green channel (to visualize F-BSA); (d) overlay of the red- and the green-channel images; (¢) magnified view of a selected region of cells

in Figure 3d; (f) overlay of a, band c.
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Figure 4. Binding constants of (a) NP(HRP), (b) NP(B-Gal), (c) NP(Cytc), and (d) NP(RNAse-A) for different proteins determined by
ITC at 298K in 10mM HEPES buffer (pH=7.5). Data are shown as mean £ SD. (n = 3). * p<0.05, ** p<0.005, *** p<0.001, ns: no significant
difference. Comparison between the two groups is analyzed by independent Sample’s T-test. The ITC titration data and curves are reported in

the Supporting Information (Tables S1-S4, Figures $15-518).

The imprinting method works well for different proteins. Fig-
ure 4 shows that nanoparticles imprinted against horse radish perox-
idase (HRP, M\W. = 44 KDa, PI = 7.2), B-galactosidase (B-Gal44,
M.W. = 430 KDa, PI = 5.0), cytochrome C (cytc, M.W. = 12 KDa,
PI = 12.4),and RNase A (M.W. = 13.7 KDa, PI = 8.6) all bind their
templating proteins more strongly than nontemplating proteins.
Thus, the method is applicable to both acidic and basic proteins,
with the molecular weight spanning from 12 KDa all the way to 430
KDa.

Enzymes are biocatalysts for specific chemical reactions and
their intracellular delivery can be used to correct enzymatic deficien-
cies or promote specific reactions within cells. Our initial enzyme to
be delivered is HRP, whose activity can be measured by the catalytic
oxidation of 3,3,5,5"-tetramethylbenzidine (TMB).* In these exper-
iments, cells are first incubated with a 1:1 mixture of HRP and
NP(HRP) for 12 h for facilitated uptake, followed by washing with
PBS to remove any residual HRP and nanoparticles in the medium.
After the cells are fixed with 4% formaldehyde, TMB and hydrogen
peroxide are added. If HRPs have been delivered into the cells by the
nanoparticles and remain active, TMB will be oxidized to form a dark
green product. If no cell uptake has occurred during the incubation,
a negative result will be obtained.

Figure 5 shows that the untreated cells (a) and the cells treated
only with the substrate (b) display a negative result. The cells treated
with HRP in the initial incubation and TMB after fixation (c) also
fail to give any oxidation, indicating the enzyme is not taken up by
the cells and is removed during the PBS washing step. On the other
hand, when cells are incubated with both HRP and NP(HRP),
washing does not remove the internalized enzyme, which oxidizes

TMB after fixation and gives a positive result (d—e). As another con-
trol, the NINP control fails to give any oxidation (f), indicating that
the molecular recognition of NP(HRP) is key to its intracellular de-
livery of HRP.

(a), -
G

Figure 5. In cellulo HRP activity assay performed with MDA-MB-
231 cells for the untreated sample (a), the sample only treated with
TMB (b), the sample treated with TMB and HRP (c), the sample
treated with TMB & HRP, plus 5 uM (d) or 10 uM (e) of NP(HRP),
and the sample treated with TMB & HRP, plus 10 uM of NINP (f).
[TMB] =0.20 mM. [HRP] = 10 pM.

Our next enzyme to be delivered is -Gal, which is able to hy-
drolyze ortho-nitrophenyl-B-galactoside (ONPG) to form yellow-
colored ortho-nitrophenol that can be monitored by UV-vis



spectroscopy. Our initial experiments were performed in buffer and
meant to help us understand whether binding with the nanoparticle
compromises the catalytic activity of the enzyme (Figure 6a). The
assay shows that NINPs at 100 uM have a negligible effect on the p-
Gal activity. Binding with NP(B-Gal) does slow down the enzyme
but the effect is modest. A hundred micromolar of the nanoparticle,
for example, only reduces the enzyme activity by ~18%. Most of our
cellular assay for p-Gal involves 20 uM of the nanoparticle. At this
concentration, more than 95% of the enzyme activity is maintained
according to Figure 6a.

Intracellular delivery of p-Gal by NP(p-Gal) into MDA-MB-
231 cells was further validated by X-Gal staining. The experiments
indicate that an intense blue-green staining of cells only occurs when
the cells are treated with both B-Gal and NP(-Gal), while the con-
trol samples give negligible staining (Figure $19).

Fluorescein di-B-D-galactopyranoside (FDG) is a substrate for
B-Gal and its hydrolysis releases fluorescein, a green-emitting dye.
Figure 6b shows the bright-field and fluorescent images of MDA-
MB-231 cells treated under different conditions. All the cells are first
incubated with p-Gal, plus other reagents as indicated at the bottom
of the images. After 2 h, the cells are washed with PBS buffer to re-
move any residual f-Gal in the medium, followed by the addition of
FDG. After further incubation for 6 h at 37 °C, the cells are imaged
under a fluorescence microscope. Intense green fluorescence is only
observed from those cells treated with p-Gal and NP(B-Gal), while
the control samples give negligible fluorescence. These experiments
demonstrate that our protein-binding nanoparticles not only can
transport B-Gal into the cells, but the enzyme is also able to perform
the desired reaction inside the cells.

Having established the successful intracellular delivery of cata-
Iytically active enzymes by our nanoparticles, we then turned our at-
tention to two functional proteins and attempted to use the internal-
ized proteins to modulate cellular functions.

Cytc is a protein located in the inner membrane of the mito-
chondrion and is involved in the respiratory electron transport chain
(ETC).*® When this protein is released from mitochondria, it
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triggers apoptosis by interacting with the apoptotic protease activat-
ing factor-1 (APAF1) to form apoptosome.*** Thus, if active cyct is
delivered into the cytosol, programmed cell death should occur.
Consistent with the above hypothesis, MTT assays indicate
that, when MDA-MB-231cells are treated with an equimolar mix-
ture of cytc and NP(cytc), a higher concentration of the mixture
leads to increased cell death (Figure 7a). Control experiments reveal
that nonimprinted nanoparticles (NINPs), NP(cytc) alone, or cytc
alone all have minimal effects on the cell viability. Thus, although
cytc triggers apoptosis, without the nanoparticle carrier, it cannot get
inside cells and is nontoxic. Moreover, despite being cationic,
NP(cytc) has low cytotoxicity toward cancer cells (Figure 7) or nor-
mal cells (Figure S25). Fluorescence-activated cell sorting (FACS)
analysis of cytc-mediated apoptosis (Figure S20) also supports in-
tracellular delivery of the protein by NP(cytc). In these experiments,
the control sample treated with NINP + cytc consists of 98.4% live,
0.7% early apoptotic, 0.6% late apoptotic, and 0.3% dead cells. The
sample treated with NP(cytc) + cytc consists of 6.7% live, 44.4%
early apoptotic, 47.6% late apoptotic, and 1.4% dead cells.
Apoptosis is further studied by fluorescence microscopy. In
these experiments, cells are first stained with acridine orange (AO,
green in human cells) and ethidium bromide (EB, orange). AO
stains both live and dead cells whereas EB only stains dead cells that
have lost membrane integrity.** As a result, the double staining
makes live cells appear uniformly green under a fluorescence micro-
scope and those cells at early apoptosis appear as green dots in the
nuclei. Cells at late apoptosis, whose membrane structures are com-
promised, appear orange. In agreement with the MTT assays,
among the differently treated cells, only those with both cytc and
NP(cytc) give an intense orange color in the red channel (Figure 8).
The above experiments indicate that protein molecules are de-
livered into the cytosol by the nanoparticles and then readily re-
leased to interact with cytosolic targets. This opens the possibility of
delivering other proteins to manipulate cellular functions. RNase A,
for example, cleaves single-stranded RNAs and has been investigated
extensively to kill cancer cells.**** To examine such a possibility, we
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Figure 6. (a) Effects of NP(B-Gal) and NINP on f-Gal activity measured by the ortho-nitrophenyl-B-galactoside (ONPG) assay; Data are
shown as mean + SD. (n = 3). * p<0.05, ** p<0.005, *** p<0.001, ns: no significant difference. Comparison between the two groups is analyzed
by independent Sample’s T-test. (b) Fluorescence imaging of MDA-MB-231 cells for the in cellulo p-Gal activity. [B-Gal] = [NP(B-Gal)] =

[NINP] =20 uM. [FDG] = 10 uM.
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Figure 7. MTT assays of MDA-MB-231cells treated with (a) NINP, NP(cytc), cytc, and an equimolar mixture of NP(cytc) and cytc; and (b)
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Figure 8. Images of AO/EB-stained MDA-MB-231cells treated with 20 uM of NP{cytc)+cytc, NINP+cytc, and cytc.

first stained MDA-MB-231cells with AO, which stains both DNAs
and RNAEs in live cells.”” The dye molecules intercalated in DNAs
show a green emission and those associated with RNAs (by electro-
static interactions ) orange emission. Figure 9 shows that untreated

cells give both green and orange emissions, indicating the presence
of both DNAs and RNAs. The overlaid image shows largely yel-
low/green-colored cells. The cells treated with an equimolar mixture
of RNase A and NINPs appear similarly. In contrast, the amounts of
RNAs decrease dramatically for the cells treated with RNase A and

NP(RNase A), consistent with cytosolic delivery of the enzyme and
its ability to hydrolyze RNAs. In fact, the decrease of the orange
emission is so severe that the overlaid image largely shows only a
green color, indicating that most of RNAs in the cells have been hy-
drolyzed. Meanwhile, MTT assays indicate that up to 60% cell death
has occurred in the samples treated with the RNase A and
NP(RNase A) (Figure 7b). Neither control sample shows such be-
havior.
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Figure 9. Fluorescent images of Acridine Orange (AO)-stained MDA-MB-231cells in apoptosis event induced by 20 uM NINP + 20 pM
RNase A and 20 uM NP(RNase A) + 20 uM RNase A. Quantification of the fluorescence in the green channel is reported in Figure S21.

The RNase A-mediated RNA hydrolysis and cell death were
additionally verified by propidium iodide (PI) imaging and FACS
experiments. PI binds to DNA but cannot passively traverse plasma
membranes. As a result, this dye accumulates only in dead cells
whose plasma membranes become permeable whereas no uptake
happens in live cells with intact membranes. Consistent with our re-
sults above, only the cells treated with both RNase A and NP(RNase
A) are stained by PI (Figure $22-524). More specifically, the con-
trol sample treated with NINP + RNase A consist of 96% live, 1%
early apoptotic, 1% late apoptotic, and 2% dead cells. The sample
treated with NP(RNase-A) + RNase-A consists of 5% live, 9% early
apoptotic, 84% late apoptotic, and 2% dead cells.

CONCLUSIONS

Over 100 therapeutic proteins have been approved by the US
FDA to treat various diseases and protein-based drugs frequently
make it onto the list of the top-selling drugs.*****' Since most pro-
tein-delivery systems rely on endocytosis and escape of proteins
from the endosomes is notoriously difficult, there is an urgent need
to develop alternative strategies for protein delivery.”*”

In this work, we report a facile method for making water-solu-
ble protein-binding nanoparticles from surfactant micelles. Direct
imprinting of proteins has been very difficult to achieve but is made
possible by the usage of trifluoromethyl ketone FMs that can interact
with surface lysines of proteins in water quickly and reversibly. These
ultrasmall nanoparticles bind their target proteins with high specific-
ity. The micromolar binding affinities of the imprinted nanoparticles
are strong enough for the protein cargo to be bound and transported
into cells but weak enough for them to be released upon reaching the
cytosol. They deliver proteins readily into the cytosol through a
combination of energy-dependent and -independent pathways. The
enzymes delivered into cells maintain their activity during the

delivery and functional proteins may be introduced to regulate cel-
lular functions such as induced apoptosis or RNA hydrolysis. The
imprinting and the delivery work well for a range of proteins with
varying molecular weights and isoelectric points. This type of doubly
cross-linked nanoparticles have exceptional stability toward high
temperatures,” organic solvents,* and strongly acidic conditions.”
The nanoparticles can be readily functionalized with fluorescent la-
bels, which allow their delivery and distribution to be monitored
conveniently by fluorescence spectroscopy.

Methods and Materials

Materials. A typical procedure is as follows for the protein-
binding nanoparticle preparation. To a micellar solution of com-
pound 1 (9.3 mg, 0.02 mmol) in water (2.0 mL), N,N'-meth-
ylenebisacrylamide (MBAm, 0.04 mmol), compound 2 (0.008
mmol), and 2,2-dimethoxy-2-phenylacetophenone (DMPA, 10 pL
ofa12.8 mg/mL solution in DMSO, 0.0005 mmol) were added. The
mixture was subjected to ultrasonication for 10 min before com-
pound 3 (3.4 mg, 0.02 mmol), CuCL (10 pL of a 6.7 mg/mL solu-
tion in H>O, 0.0005 mmol), and sodium ascorbate (10 pL of a 99
mg/mL solution in H,O, 0.005 mmol) were added. After the reac-
tion mixture was stirred slowly at room temperature for 12 h, F-BSA
(0.0004 mmol) was added and the reaction mixture was stirred for
12 h. The reaction mixture was then transferred to a glass vial,
purged with nitrogen for 15 min, sealed with a rubber septum, and
irradiated in a Rayonet reactor for 12 h. Then, compound 4 (10.6
mg, 0.04 mmol), CuCL, (10 pL of a 6.7 mg/mL solution in H,O,
0.0005 mmol), and sodium ascorbate (10 pL of a 99 mg/mL solu-
tion in H>O, 0.005 mmol) were added, and the reaction mixture was
stirred for another 6 h. The reaction mixture was poured into ace-
tone (8 mL). The precipitate was collected by centrifugation and
washed with a mixture of acetone/water (5 mL/1 mL) three times,
methanol/acetic acid (5 mL/0.1 mL) three times, and then excess



methanol. The off-white powder was dried in air to afford the final
NP(F-BSA) with a typical yield of ~80%.

For the NP(F-BSA)* preparation, after the irradiation in the
Rayonet reactor for 12 h, compound § (0.001 mmol), CuCl (20 uL
of a 6.7 mg/mL solution in H,O, 0.001 mmol), and sodium ascor-
bate (10 pL of a 99 mg/mL solution in H,O, 0.01 mmol) was added
to the mixture and stirred for 8 h in dark. Next, compound 4 (10.6
mg, 0.04 mmol), CuCL. (10 pL of a 6.7 mg/mL solution in H.O,
0.0005 mmol), and sodium ascorbate (10 pL of a 99 mg/mL solu-
tion in H,O, 0.005 mmol) were added, and the reaction mixture was
stirred for another 6 h. The reaction mixture was poured into ace-
tone (8 mL). The precipitate was collected by centrifugation and
washed with a mixture of acetone/water (5 mL/1 mL) five times,
methanol/acetic acid (5 mL/0.1 mL) three times, and then excess
methanol. The light red powder was dried in air to afford the final
NP(F-BSA)* with a typical yield of ~80%.

Cell Culture. The MDA-MB-231 cell line was acquired from
ATCC. A-375 and SK-MEL-28 cells were received as a gift from Dr.
Robbyn K Anand’s lab at Iowa State University. MDA-MB-231 and
A-375 cells were cultured in Dulbecco’s Modified Eagle's Medium
(DMEM) consisting of 100 mL/L of heat inactivated Fetal Bovine
Serum (FBS) and 100 mg/L of antibiotics (penicillin, streptomycin
and anti-fungal amphotericn B). SK-MEL28 cells were cultured in
ATCC-formulated Eagle's Minimum Essential Medium (EMEM)
consisting of 100 mL/L of heat inactivated Fetal Bovine Serum
(FBS) and 100 mg/L of antibiotics (penicillin, streptomycin and
anti-fungal amphotericn B). All the cell lines were maintained in a
humid 5% CO: containing incubator until they reached 60-70%
confluency. The cells were trypsinized (1x trypsin) and re-plated in
fresh medium overnight prior to the experiments. The viable num-
ber of cells was determined using the Trypan blue exclusion test.

Cellular Uptake. Cellular uptake profile of F-BSA assisted by
NP(F-BSA) was measured by capturing images in the green channel
to monitor the FITC intensity. Briefly, the appropriate cells were in-
cubated with 20 uM NP(F-BSA) + 20 uM F-BSA for 2 h. Then the
cells were washed with PBS buffer 3 times before they were imaged
under a fluorescence microscope. For confocal microscopy images,
cells were seeded on a glass slide and fixed with 3.7% formaldehyde
before imaging. Hoechst 33342 was used for staining the nuclei.
Cells incubated with only F-BSA, NINP and PBS were used as neg-
ative controls.

The cellular internalization profile of NP(F-BSA)* was meas-
ured by lissamine rhodamine B-labelled NP(F-BSA). MDA-MB-
231 and A-375 cells were incubated with 20 uM NP(F-BSA)* + 20
uM E-BSA for 2 h. The cells were washed with PBS buffer for 3 times
before they were imaged under a fluorescence microscope in red
channel.

Fluorescence-Activated Cell Sorting (FACS). The mean flu-
orescence intensity of NP (F-BSA)/F-BSA treated cells were evalu-
ated by FACS experiment. Briefly, MDA-MB-231 cells were seeded
onto 12-well plates and maintained in a humid 5% CO:-containing
incubator until they reached 60-70% confluency. The cells were
treated with 5-20 yuM NP(F-BSA)/F-BSA and incubated for 2 h.
They were washed with cold phosphate-buffered saline (PBS) and
harvested with 1 x trypsin. The washed cells were centrifugated and
resuspended in the FACS-binding buffer to a density of ~1x10°
cells/mL. The nanoparticle-stained cells were analyzed by flow cy-
tometry in the green channel.

Cellular uptake Mechanism of NP(F-BSA). Cellular uptake
mechanism of F-BSA/NP(F-BSA) was evaluated in the presence of
different endocytosis inhibitors. Briefly, MDA-MB-231 cells were
seeded onto 6-well plates, and incubated with 20 yM F-BSA and 20
pM NP(F-BSA) for 2 h after treatment with methyl--cyclodextrin
(5.0 mM for 30 min), sucrose (0.45 M for 10 min), chlorpromazine
(20 pg/mL for 45 min), amiloride (1 mM for 30 min), and sodium
azide/2-deoxy-D-glucose (10 & 6 mM, respectively, for 1 h). The
mean fluorescence intensity (MFI) was measured using the BD-
FACS AreaIII flow cytometer.

DIC Imaging in-cellulo B-Gal Activity. Intracellular delivery
of B-Gal by NP(B-Gal) into MDA-MB-231 cells was determined by
X-Gal staining. Briefly, the cells were treated with 20 uM NP(B-Gal)
and 20 yM B-Gal, followed by incubation for 12 h at 37°C. Then the
cells were washed with PBS and fixed with 3.7 % formaldehyde for
10 min at room temperature. Next, the cells were incubated with the
working solution of X-Gal (containing 50 pg/mL of X-Gal) of over-
night at 37 °C. The cells were washed and bright field images of the
cells were captured under an inverted microscope.

Fluorescence Imaging B-Gal Activity. Intracellular delivery
of B-Gal by NP(B-Gal) into MDA-MB-231 cells was measured by
fluorogenic substrate fluorescein di(f-D galactopyranoside)
(FDG). Briefly, the cells were treated with 20 yM NP (B-Gal) and 20
uM B-Gal, followed by incubation for 12 h at 37 °C. Then the cells
were incubated with the S0 uM of fluorescein di(B-D galactopyra-
noside) at 37 °C for 6 h. Finally, the cells were washed and the images
of the cells were captured under fluorescence microscope in green
channel.

Cytotoxicity Assay. The viable cells after treatment were ana-
lyzed using the 3(4,5-dimethylthiazolyl-2)2,5-diphenyltetrazolium
bromide assay (MTT, Sigma-Aldrich) according to the manufac-
turer’s protocol. The cells were seeded onto 96 well plates overnight,
followed by treatment with different concentrations of NP(RNase-
A) + RNase-A or NP (cytc) + cytc, respectively for 12 h. Control ex-
periments were carried out with NINP, NP(RNase-A), or
NP(cytc). After incubation, the previous medium was removed and
the cells were reconstituted with colorless DMEM, followed by the
addition of MTT solution to a final concentration of 0.5 mg/mL in
each well. Then, the cells containing MTT were incubated for 4 h at
37 °C. The media was removed again carefully, followed by the ad-
dition of 100 yL DMSO to each well. Then the plates were rocked
gently for 10 min to ensure proper mixing. Finally, the absorbance at
570 and 575 nm was measured using a micro plate reader. Cell via-
bility was defined as the percentage of live cells relative to the un-
treated controls.

AO/EtBr Staining. The cellular apoptosis event after treat-
ment with NP(cytc) + cytc were evaluated by AO/ EtBr staining.
Briefly, MDA-MB-231 cells were seeded onto 12-well plates and in-
cubated at 37 °C for 24 h to reach a cellular density of approx. $x10°
cells per well, followed by treatment with 20 uM NP(cytc) and 20
uM cytc. The cells were incubated for 12 h and then washed with
PBS, trypsinized and resuspended in fresh 20 pL of fresh PBS. A 5.0
uL aliquot of a mixture of 100 pg/mL AO and 100 pg/mL EB solu-
tions was added to the cells and the cells were incubated in dark for
S min. Then a 10 pL suspension of cells was spread onto a micro-
scope slide and covered with a glass coverslip. At least 400 cells were
examined under a fluorescence microscope.

AO Staining for RNase-A-mediated RNA Degradation.



NP(RNase-A)/RNase-A mediated RNA degradation and conse-
quent apoptosis in MDA-MB-231 cells was evaluated by AO stain-
ing experiment. Briefly, MDA-MB-231 cells were seeded onto 12-
well plates and incubated at 37 °C for 24 h to reach a cellular density
of approx. § x10° cells per well, followed by treatment with 20 uM
NP(RNase-A) and 20 uM RNase-A. The cells were then incubated
for 6 h. Next, the cells were washed, trypsinized, and resuspended in
PBS. A 5.0 uL aliquot of a 100 pyg/mL AO solution was added to the
cells and incubated in dark for § min. Then a 10 pL suspension of
cells was spread onto a microscope slide and covered with a glass co-
verslip. Atleast 400 cells were examined under a fluorescence micro-
scope. AO produces orange fluorescence when it binds to RNA and
green fluorescence when it binds to DNA. The enhanced intensity
in both the green and red channels with respect to untreated control
were recorded to establish the RNA degradation and apoptosis.

PI staining for RNase-A Mediated Apoptosis. NP(RNase-
A) + RNase-A mediated RNA degradation and consequent apop-
totic cell death in MDA-MB-231 cells were further confirmed by PI
imaging. Briefly, MDA-MB-231 and A-375 cells were seeded onto
12-well plates and incubated at 37 °C for 24 h to reach a cellular den-
sity of approx. 5 x10° cells per well, followed by treatment with 20
M NP(RNase-A) and 20 uM RNase-A. After incubation for 6 h, the
cells were washed, trypsinized and resuspended in PBS. A PI
(1mg/mL) solution was added to the cell suspension to reach final
concentration of 2 pg/ml and incubated in dark for 15 min. Then a
10 pL suspension of cells was spread onto a microscope slide and
covered with a glass coverslip. At least 400 cells were examined un-
der a fluorescence microscope in red channel (only the dead cells
were stained by P1in red channel)

Apoptosis Measurement with Annexin V/PI in Flow Cy-
tometry. The percentage of dead cells were measured using apopto-
sis kits with annexin V conjugates including Alexa Fluor 488 and PI
(Thermo fisher, Catalog number: V13241) following the manufac-
turer’s protocol. Briefly, MDA-MB-231 cells were seeded onto 6-
well plates, followed by treatment with 20 uM of NP(cyt-c) + cyt-c
or NP(RNAse-A) + RNAse-A for 12 h. The cells were then washed
with a cold phosphate-buffered saline (PBS) and harvested with 1x
trypsin. The cells were centrifugated and resuspended in 1x an-
nexin-binding buffer to a density of ~1x10° cells/mL. Then, § uL of
Alexa Fluor 488 Annexin V (supplied with kit) and 1 uL of the 100
pg/mL PIworking solution was added to each 100 uL of cell suspen-
sion. The cells were incubated at room temperature for 15 min in
dark, followed by the addition of 400 pL of 1x annexin-binding
buffer. After gentle mixing, the cells were kept on ice before they
were analyzed by flow cytometry.
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