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The preparation of precise macromolecules with multiple function-
alities remains a challenge in drug delivery. Here, a method to
prepare stoichiometrically precise tetrafunctional streptavidin con-
jugates is presented with an exemplary structure combining exactly
one fluorescent label, one cell targeting group, one nucleus pene-
trating peptide and one drug molecule.

In drug delivery, the availability of macromolecules combining
several different functionalities is often crucial to impart bioactivity,
traceability and labelling. Beside the cytotoxicity of a drug designed
as an anti-cancer agent, its targeted delivery to the right cell type
and intracellular location as well as the real-time monitoring of the
therapeutic are all desired features to increase the efficacy and
safety. Yet, combining multiple functional groups in a single
macromolecule is non-trivial.>® Multifunctionalization has mostly
been realized with nanocarriers” that are large enough to harbor
many molecules but with limited control of the number of func-
tional groups that are incorporated. These have been decorated
with targeting ligands like antibodies® or peptides® and loaded with
known small molecule drugs and imaging probes.'®"' Macro-
molecular drugs with many functionalities are far less common,
due to the challenges in synthesis, solubility and preserving the
activity. Even more important, general methods for the straight-
forward optimization of multifunctional molecules that would
allow for efficient design and screening are missing.

Multivalent protein assemblies, which provide the advantages of
simple production, monodisperse size and structure,'” have been
developed for specific targeting and delivery. In particular, streptavi-
din with its four independent biotin binding pockets, extraordinarily
high affinity (K4 = 107 ') and low exchange rates is an attractive
scaffold."® Moreover, the mature biotin labelling technology provides
a large repertoire of biotinylated molecules with targeting, sensing,
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diagnostic and therapeutic entities. Yet, it is still challenging to
produce structurally defined streptavidin conjugates with more than
one type of biotin labeled molecule and precise stoichiometry. More
precisely, when four different biotinylated molecules are mixed with
streptavidin, a statistical mixture forms where only 1 of the 35
possible products is the desired tetrafunctional one. It is challenging
if not impossible to separate the desired product, which contains all
four functional labels from the mixture of defective structures and
would result in extremely low yield. So far, only precise streptavidin
conjugates with four different single stranded DNA have been
prepared, which limits the type of functional groups in the macro-
molecular assembly.® Other approaches to deal with multivalency or
desymmetrization of streptavidin include the development of mono-
valent streptavidin to specifically label one receptor at the cell surface
without artificially inducing clustering'* and to use solid support-
based assemblies to sterically block some of the biotin binding
sites.®> Nevertheless, incorporating more than two functional
entities without restriction on one streptavidin in a controlled
way is still elusive.

Herein, we describe a general method to prepare stoichiometrically
exact tetrafunctional streptavidin conjugates offering great flexibility in
conjugated molecules (Fig. 1A). For example, we combined a fluor-
escent label (atto-565-biotin), a cell type specific targeting group (folic
acid-biotin), a nuclear localization peptide (nucleus penetrating
peptide-biotin)'® and an anti-cancer drug (doxorubicin-biotin)
within one bioconjugate, which allowed for specific and efficient
cellular toxicity towards cancer cells and its simultaneous detection.

The assembly of precise tetrafunctional streptavidin conjugates
relies on a peptide with an iminobiotin and 12 histidines, named
the Ibio-His-tag (Fig. 1B). The Ibio-His-tag allows separating strepta-
vidin (S) conjugates with different numbers of bound Ibio-His-tags
on a Cu®*-NTA column using an imidazole elution gradient (S(Ibio-
His-tag);_4)."” Secondly, the pH-dependent binding of iminobiotin
to streptavidin'® allows releasing the Ibio-His-tag from the conju-
gates by lowering the pH to 3.5 and linking a biotinylated molecules
with precise stoichiometry. Previous reports have shown the pre-
paration of monofunctional streptavidin conjugates with precise
stoichiometries and different vacancies using this method."

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Strategy for preparing tetrafunctional streptavidin—biotin conjugates.
(A) Four different biotinylated molecules for therapeutic activity, cell targeting,
intracellular localization and theranostics are combined into one streptavidin
conjugate. (B) Each of the functionalities is added one by one going through
cycles of forming statistical mixtures of products containing different numbers
of Ibio-His-tags, which are separated on a Cu?"-NTA column. The biotin
binding pockets made accessible again at lower pH, allowing the repetition of
the synthesis and purification cycles.

Repeating this chemistry over multiple cycles, we assemble in a
step by step fashion up to four biotinylated molecules; in this case
various fluorophores, on a single streptavidin with exact control over
the stoichiometry (SA;B,C;D,, A: atto-565-biotin, B: atto-425-biotin,
C: atto-665-biotin, D: biotin-5-fluorescein) (Fig. 1). To introduce the
second biotinylated molecule, we started with a mono atto-565
labeled streptavidin, SA;, with three available biotin binding pock-
ets, which was prepared as described previously.'> When SA; (1 uM)
was incubated with a second biotinylated molecule, atto-425-biotin
(B, 2 uM) and the Ibio-His-tag (2 M), a statistical mixture composed
of SA;Bs, S(Ibio-His-tag),A1B,, S(Ibio-His-tag),A;B; and S(Ibio-His-
tag);A; formed. Subsequently, the mixture separated on a Cu®*-NTA
agarose column, where conjugate without the tag, SA;B;, was
washed off and species bearing higher numbers of tag eluted at
higher imidazole concentrations. In the chromatogram, three peaks
with an absorbance typical for atto-565 (A) at 563 nm were observed,
but only the first two absorbed at 436 nm typical for atto-425 (B)
(Fig. 2A). Thus, the peaks with increasing imidazole concentration
were assigned as S(Ibio-His-tag);A;B,, S(Ibio-His-tag),A;B; and
S(Ibio-His-tag);A,, respectively.

To confirm the identity of the species, first the Ibio-His-tag was
removed at lowered pH to yield well defined difunctionalized
streptavidin conjugates with available biotin binding pockets,
SA;B, and SA;B;. Subsequently, the number of accessible biotin
binding pockets was determined through the titration with biotin-
5-fluorescein, which is quenched upon binding to streptavidin
(Fig. 2B and C).*° The streptavidin conjugates in the first (SA;B,)
and second (SA;B;) peak reacted with one and two equivalents of
biotin-5-fluorescein, respectively.

The third biotinylated molecule was added onto the SA;B;
bioconjugate repeating the same protocol. Shortly, SA; B, (A: atto-565-
biotin, B: atto-425-biotin, 1 pM) was incubated with atto-665-biotin
(C, 1.5 uM) and Ibio-His-tag (1.5 uM) and the reaction products were
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Fig. 2 Preparation and characterization of difunctional streptavidin conjugates.
(A) Chromatogram of the reaction mixture of SAy, atto-425-biotin and Ibio-His-
tag. 1st peak: S(lbio-His-taghA1B, (27.8 mM imidazole, area 9.7%), 2nd peak:
S(lbio-His-tag),A1B; (43.6 mM imidazole, area 85.2%), 3rd peak: S(lbio-His-
tag)zA; (63.2 mM imidazole, area 5.1%). SA1Bs (Area 2.5%) washed off without
imidazole. The accessible biotin binding pockets of the species in the (B) 1st and
(C) 2nd peak were titrated with biotin-5-fluorescein, A: atto-565-biotin, B: atto-
425-biotin.

separated on a Cu”*-NTA agarose column. While the specie without
the biotin tag, SA;B;C,, did not bind to the column, two species
eluted at different imidazole concentrations (Fig. 3A). The first peak
was assigned as S(Ibio-His-tag),A;B;C,; because it only has one Ibio-
His-tag and was the only species to absorb at 663 nm typical for atto-
665 (C). The second peak at higher imidazole concentrations, was
identified as S(Ibio-His-tag),A;B, since it has two tags.

Finally, to form an exact tetrafunctional streptavidin conjugate,
SA;B;C;Dy, it is sufficient to remove the Ibio-His-tag from S(Ibio-His-
tag);A;B,C; at lowered pH and add one equivalent of the desired
biotinylated molecule. When the above prepared SA;B,C; was titrated
with biotin-5-fluorescein (D), it reacted with one equivalent yielding
SA;B,C;D; (Fig. 3B). This experiment also confirms the structure of
the SA;B,C; conjugate with one open biotin binding pocket.

The importance of forming precise multifunctional strepta-
vidins and not statistical mixtures was already apparent from the
Forster resonance energy transfer (FRET) in SA;B;C; (A: atto-565-
biotin, B: atto-425-biotin, C: atto-665-biotin). When we excited the
atto-425 at 400 nm, there were three emission peaks at 476, 594 and
690 nm for atto-425, atto-565 and atto-665, respectively due to their
close proximity (Fig. 3C, Fig. S1, ESIT). On the other hand, when we
formed a statistical mixture of conjugates by mixing one equivalent
of each of the three fluorophores with streptavidin, there was only
one peak at 476 nm upon excitation at 400 nm. Moreover, the
characteristic UV-Vis absorbance peaks of the three fluorophores in
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Fig. 3 Preparation and characterization of tri- and tetra-functional strep-
tavidin conjugates. (A) Chromatogram of the reaction mixture of SA;B;, atto-665-
biotin and Ibio-His-tag. 1st peak: S(lbio-His-taghA1B:C; (34.1 mM imidazole, area
84.5%), 2nd peak: S(lbio-His-tag),A1B; (41.5 mM imidazole, area 16.5%). SA;B,C,
(area 2.3%) washed off without imidazole. (B) SA;B;C; required one equivalent of
the biotin-5-fluorescein in the titration to saturate the biotin binding site, forming
the tetrafunctional streptavidin conjugate, SA;B1C1D;. (C) Fluorescence emission
spectrum (Zgx = 400 nm) of the precise SA;B;C; and a statistical mixture of
streptavidin conjugates (S mixed with 1 equivalent of A, B and C). A: atto-
565-biotin, B: atto-425-biotin, C: atto-665-biotin, D: biotin-5-fluorescein.

SA;B,C; support the stoichiometry of the complex (A:B:C =
1.0:1.2:1.0) (Fig. S2, ESI%).

Next, we set out to combine four functionalities in one streptavi-
din conjugate to underline the potential for designing optimized
cancer theranostics. For this purpose, we integrated the following
functionalities within a single macromolecule: (i) atto-565-biotin (A)
as a fluorescent label for tracking the fate of the conjugates, (ii) folic
acid-PEG-biotin (F) for selective targeting of folic acid receptor
positive cancer cells such triple negative breast cancer cells (MDA-
MB-231),*" (iii) doxorubicin-biotin (D) (Fig. S3-S5, ESIt) as a broadly
applied anti-cancer drug and (iv) a nucleus penetrating peptide-
biotin (C) (Fig. S6 and S7, ESIt) for the targeted delivery of doxor-
ubicin to the relevant subcellular compartment.”* Each of these
biotinylated molecules was added sequentially according to the above
order following the same method as described above (Fig. S8 and S9,
ESIt). The yield of each step depends on the biotinylated molecules
and was not the same as for the previous tetrafunctional conjugate.
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Each of the biotinylated molecules within the tetrafunctional
streptavidin conjugate should contribute to the overall function.

The folic acid in the conjugate is supposed to increase the
selectivity for cancer cell types, which are folate receptor positive. To
demonstrate this point, the uptake of streptavidin conjugates with
(SA;Fy, SA,F, and SA;F;) and without folic acid (SA;) was evaluated
in the folate receptor positive breast cancer cells, MDA-MB-231, and
folate receptor-negative MCF-7 cells. After 4 h incubation the
fluorescence signal from the atto-565 (A) showed that MDA-MB-
231 cells incubated with different SAF conjugates were much
brighter than MCF-7 cells (Fig. 4A and Fig. S10-S12, ESIt). More-
over, the uptake in MDA-MB-231 cells was clearly due to the folic
acid as cells incubated with SA; were not significantly fluorescent.

Next, we evaluated the function of D (doxorubicin) and C
(nucleus penetrating peptide) and their cooperativity in terms of
the localization in the cells and cell toxicity. In particular, as
doxorubicin stops DNA replication,”® we aimed to deliver it into
the cell nucleus using this peptide. We found that the trifunctional
streptavidin conjugate SA;F,D; and tetrafunctional conjugate
SA;F;D;C; localized differently, when incubated with MDA-MB-
231 cells (Fig. 4B). While SA,F,D; localized in the cytoplasm and
was excluded from the nucleus, SA;F;D;C; with the nucleus
penetrating peptide localized in the nucleus, as observed with
confocal microscopy. This finding was further supported through
the quantification of the fluorescence signal within the nucleus of
the cells (Fig. S13, ESIt). Moreover, both SA;F;D; and SA;F;D;C;
retained their selectivity for MDA-MB-231 cells over MCF-7 cells
due to the folic acid modification (Fig. S11, ESIt).
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Fig. 4 (A) Confocal microscopy images of MDA-MB-231 (folate receptor
positive) and MCF-7 (folate receptor negative) cells incubated with SA;F; and
MDA-MD-231 cells incubated with SA;. (B) MDA-MB-231 cells were incubated
with 1 pM SAF;, SA;F1D; or SA;F1D1Cy in RPMI-1640 (no folic acid) medium for
4 hours. Atto-565 fluorescence shown in red and nuclei stained with DAPI are
shown in blue. Scale bars are 25 um. A: atto-565-biotin, F: folic acid—biotin, D:
doxorubicin—biotin, C: nucleus penetrating peptide—biotin.
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Fig. 5 (A) Cell viability of MDA-MB-231 and MCF-7 cells were incubated
with SA;F1D;, SA;F1D1C, and a statistical mixture of streptavidin conjugates
(S was mixed with one equivalent of A, F, D and C) for 72 hours. (B) Table of
ICs of different streptavidin conjugates. A: atto-565-biotin, F: folic acid—
biotin, D: doxorubicin—biotin, C: nucleus penetrating peptide—biotin.

Next, we tested the cell toxicity of the multifunctional streptavidin
conjugates in MDA-MB-231 and MCF-7 cells. The cell viability as
measured using the MTT test after 72 h, showed that the tetrafunc-
tional SA;F;D;C; was the most effective drug against the aggressive
MDA-MB-231 cells (Fig. 5). In SA;F;D;C; and SA,F;D; the folic acid
was responsible for the higher cell toxicity in MDA-MB-231 cells
compared to MCF-7. While SA;F,D,C; and SA,F,D; had ICs, of
0.5 uM and 0.74 pM for MDA-MB-231 cells, respectively, their ICs, for
MCF-7 cells were higher at 2 pM and 2.62 pM, respectively. This
amounts to a fourfold selectivity for MDA-MB-231 cells over MCF-7.
For comparison, pure doxorubicin had no specificity and was almost
equally cell toxic to both cell types (Fig. S14, ESIT). In SA,F,D,C;, the
nucleus penetrating peptide, C, increased the delivery of doxorubi-
cin, D, to the cell nucleus, which contributes to the higher final
efficacy. As a result, SA;F;D,C; had a lower ICs, of 0.5 uM compared
to SA;F;D;, which had a ICs, of 0.74 pM. The precise SA;FiD;
conjugate also outperformed the statistical mixtures of conjugates
(S mixed with one equivalent of A, F, D and C). In fact, the SA;F,D;C;
was 1.5 times more cell toxic than the statistical mixture of con-
jugates (ICs, 0.75 pM). Similarly, at 0.5 pM concentration MDA-MB-
231 cells had a lower viability in the presence of SA;F,D;C; (48%)
than SA;F,D; (57%) or the statistical mixture (57%) (Fig. S15, ESIt).
Moreover, the toxicity of all three conjugates decreased for MDA-MB-
231 cells in the presence of excess folic acid, but not for MCF-7 cells,
which confirmed the role of the folic acid for cell selectivity.

In summary, we demonstrated how stoichiometrically precise
tetrafunctional streptavidin conjugates can be prepared to bring
together multiple functionalities. In particular, we demonstrated
how the delivery of an anti-cancer drug can be improved through
the combination of a fluorescent, a cell targeting group, a nucleus
penetrating peptide and a cell toxic drug in a tetrafunctional

This journal is © The Royal Society of Chemistry 2020

View Article Online

ChemComm

streptavidin. The systematic introduction of each functionality
allows studying its effect on viability, targeting and efficacy, which
improves our understanding on the essential features of drug
delivery agents and enables optimization. The precise tetrafunctional
streptavidins also open the door to assembly combinatorial libraries
of exact streptavidins taking advantage of a wide repertoire of
biotinylated molecules (proteins, peptides, small molecules,
lipids and nucleic acids). Thus, our study plays a significant role
in expanding the streptavidin-biotin chemistry in biotechnology,
nanostructure assemblies and drug delivery.
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