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Experimental Procedures

Gener al

Biogenic MPs 1 were produced in the mnmagnetotactic
bacteri a Magnetospirillum gryphi swal dense [*. Various batches
of MPs wer e used for stoichionetric determ nation
experinments. TEManalyses of the Ms revealed particle
dianeters of 36 + 2 nm The concentrations of Ms in HEPES
buffer (10 mM HEPES, 1 nM EDTA, pH 7.3, containing 0.04 %
NaNs) were calculated wusing TEM, AAS- and UV/ Vis-
spectroscopy-neasurenents. All oligonucleotides used in this
work were purchased from Therno Electron, Germany. The
sequences are listed in Table 1

Bi of uncti onal i zati on of Magnet osones

For the synthesis of MP-conjugates, the Ms were
biotinylated in the first step either by 1,2-D pal mtoyl-sn-
A ycer o- 3- Phosphoet hanol am ne- N- ( Bi ot i nyl) ( Sodi um Salt)
(biotin-DPPE 2, Avanti polar lipids) or sulfo-N hydroxy-
succinimde ester sodium salt (NHS-biotin 3, Sigma).In
typical synthesis, 8 mM of a 20 nMsolution of MP 1 (in HEPES
buffer) were mxed with 1 m of 2 (1 ng/m in HEPES) and
i ncubated overnight. For the covalent attachenent of biotin
nol ecul es to proteins of the nagnetosone nenbrane, 1.5 ng of
NHS-biotin 3 were dissolved in 60 upul DWVF and subsequently
filled up to 1 mM wth PBS buffer (0.1 M phosphate, 0.15 M
NaCl, pH 7.3). The solution was added to 8 m of a 20 nM
solution of MP 1 (in PBS) and incubated for 2 hours. After
i ncubation the Ms were purified by repeated nmagnetic
separation steps using an external magnetic field and the
particles were redispersed in TE buffer (20 mM Tris-HO, 5nM
EDTA, pH 7.35). The resulting biotinylated MPSs 4 were
gquantified by UV/ Vis-neasurenents at 450 nm (extinction
coeficient of 1.93 x 107, as determined by TEM and AAS). The
attachnment of STV 5 to biotinylated MPs 4 was carried out by
m xi ng 3000 nol ar equivalents of STV 5 with 1 eq of either 4a
or 4b (in TE, 15 nM each). Sanples were incubated for 30 mn
and the resulting STV-coated MPs 6a and 6b were purified in
TE Dbuffer, simlarly as described above. Again, the
concentration was nmeasured WV/ Vis-quantification at 450 nm

Functionalization of STV-coated MPs 6a and 6b wth
biotinylated oligonucleotides or antibodies to yield
nonof unctional MPs, e.g. MP-10, MP-11 or MP-13, was carried
out by incubation, simlarly as described above. For exanpl e,
nonof uncti onal MP conjugates MP-10 were prepared by mxing a
solution of biotinylated oligonucleotide 7 with a solution of
6, such that the final oligonucleotide concentration was 10
MM  Simlarly, 6 was functionalized with biotinylated anti-
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nmouse antibody 9 (Sigma Aldrich). For the preparation of
di functional DNA-nanoparticle conjugates MP-12, a mxture
conprised of an equinolar ratio of the tw biotinylated
ol i gonucl eotides 7 and 8, was added to a solution of STV-
coated MPs, e.g. 6a. The final oligonucleotide concentration
was 10 uM For the preparation of the difunctional
DNA/ ant i body conjugate MP-14, a m xture, containing equinolar
ratios of biotinylated oligonucleotide 8 and biotinylated
anti-nouse antibody 9 (3 puM each in TE buffer) were added to
the STV-coated MP solution (2 nMin TE buffer). Al sanples
were incubated for 45 min at roomtenperature and purified by
magneti c separation. For exanple, a solution, containing
nmonofunctional MPs 10 was purified by repeated magnetic
separation and redispersion steps in fresh TE buffer before
the pellet was finally redispersed in TBS buffer (0.15 M
NaCl, 20 mM Tris-HO, pH 7.35). The resulting conjugates were
quantified by UV/ Vis-spectroscopy. Al final MP-conjugates 10
- 14 were quenched first with D-biotin (81 pMin TBS) during
t he purification st eps bef ore t hey wer e used in
i mmobi |i zati on assays on STV-coated mcroplates or in the
hybri di zati on wi t h DNA- STV- AP conj ugates 19.

Quantification of surface coverages

Fl uorescence assays were performed to determne the
surface coverage of MPs wth biotin groups, biotinylated
ol i gonucl eotides and for the determ nation of hybridization
efficiencies of DNA-MP conjugates. First, the anmount of
biotin nol ecul es per MP was determ ned by coupling 4a and 4b
with STV-Cy5 (Pharmacia). In a typical experinent, aliquots
of biotinylated MPs (30 pl, 4 nM corresponding to 120 fnol),
were mxed with 30 pl of varying amobunts of STV-Cy5 in the
range from 40 pnol to 640 pnol. The sanples were incubated
for 45 mn and then purified by magnetic separation to renove
unbound STV. The fluorescence of the sanples was neasured at
670 nm in a fluorineter (Varian) and the resulting signals
were then converted into nolar concentrations of STV-Cy5 by
interpolation from a standard Iinear «calibration curve,
obtai ned from known anobunts of STV-Cy5. Finally, the average
nunbers of biotin groups per MP were obtained by dividing the
measured STV-Cy5 nol ar concentration by the original particle
concentrati on.

The surface coverages of MPs wth biotinylated
ol i gonucl eotides were determ ned by the addition of varying
anounts of biotinylated and Cy5-1abeled oligonucleotides 7
(5 =biotin-TCC TGT GIG AAA TTG TTA TCC GCT-Cy5-3') in the
range from 25 pnol to 300 prmol to aliquots of STV-nodified 6
(30 pl, 4 nM corresponding to 120 frol). A standard |inear
calibration curve of known anount s of Cy5-1 abel ed
ol igonucleotides 7 at 670 nm was recorded to convert the
resulting fluorescence signals of the sanples into nolar

-3-



concentrations and finally, t he aver age nunber of
ol i gonucl eotides per M was calculated by dividing the
nmeasured Cy5-labeled 7 nolar concentration by the original
particle concentration. The hybridization efficiency of the
MP- conj ugat es was neasured by hybridization of MP-10 (30 ul,
4 nM wth various amounts of a conplenentary Cy5-1abel ed
ol i gonucl eotide (5 —Cy5-AGC GGA TAA CAA TTT CAC ACA GGA-3')
in the range from 25 pnol to 300 pnol. The hybridization
efficiency of MP-10 conjugates, e.g. M-10a, was then
cal cul at ed by determining the nunber of hybri di zed
conpl ementary Cy5-nodified oligonucleotides per MP. To this
end, a standard linear calibration curve of known anounts of
Cy5-1abeled oligonucleotides at 670 nm was recorded to
convert the resulting fluorescence signals of the sanples
into nolar concentrations and finally, the average nunber of
hybri di zed oligonucl eoti des per MP-conjugate was cal cul ated
as descri bed above for calculation the nunmber of Cy5-1abeled
7 mol ar concentration per M.

Crosslinking with DNA-nodi fi ed gold nanoparticles

The preparation of DNA-nodified AuNP-conjugates was
carried out as previously described. 2 In brief, 5 -thiol-
| abel ed oligonucleotides 15 (DNA sequence in table 1) were
used for preparation of nonofunctional DNA-AuNPs 16 wth
particle-sizes of 11 £+ 1 nm (AuNP;;1) and 24 + 5 nm (AuNPz4) in
di aneter.

For DNA-directed aggregation experinments, a mxture,
containing 1 nolar eq of MP-1l1a or MP-11b (3.15 nM each), 10
nmolar eq of DNA-AuNP;; conjugate 16 and 20 nolar eq of
conpl enentary DNA linker 17 was prepared in TBS buffer. The
sanple was incubated for 24 h at room tenperature. For TEM
anal yses, the precipitated binary DNA-AuNP-MP particle-
aggregate was purified by magnhetic separation to renove
unbound AuNPs from the solution and resuspended in TBS
buffer. Subsequently, 5 pl of the aggregate solution were
placed on a carbon grid (Plano) for 5 mn. The grid was
rinsed with water and inmediately dried with N trogen. In
control experinments, a mxture of the +tw different
conjugates was incubated wthout Ilinker 17 before the
i mmobi lization on a carbon grid. For the aggregation of M-
10a with DNA-AuNP,; conjugate 16, a mxture, containing 1
nmolar eq of MP-10a (2.3 nM, 1 nolar eq of DNA-AuNP,,
conjugate 16 and 32 nolar eq of conplenentary DNA |inker 17
was prepared in TBS buffer and purified as descri bed above.

M cropl at e bi ndi ng assays

The DNA-directed formation of particle double-layers was
performed by using streptavidin-coated microplates,!® which
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wer e functionalized with bi oti nyl at ed capture
ol i gonucl eoti des (5 —biotin-AGC GGA TAA CAA TTT CAC ACA GCGA-
3), conplenmentary to oligonucleotide sequence 7. For
positive controls, wells of a mcroplate were functionalized
with biotinylated capture oligonucleotide w th DNA-sequence
8. For the immbilization of the first particle l|ayer of
magnet osones, 50 ul of MP-12 (ca. 3 nM were added to the
wells and incubated for 1.5 h. For the formation of the
second layer, 50 pl of DNA-AuNP,, conjugate 16 (0.4 nM,
containing 32 nolar eq of linker 17, were added to the wells
containing the immbilized MP-12 conjugates and i ncubated for
2 hours. Subsequent to hybridization, a silver anplification
step was carried out wusing silver-enhancer-kits by [ICN
Quantification of i mobilized particles was conducted
photonetrically by absorbance neasurenment at 490 nm in a
m cropl ate reader (Synergy). As a positive control, 50 pl of
a mxture of DNA-AuNPzs conjugate 16 (0.4 nM and 32
equi valents of linker 17 were added into the wells of the
m cropl at e, previ ously functionalized W th capt ur e-
ol i gonucl eoti de 8.

Coval ent DNA- STV conjugates 18 were prepared in 20 %
yield from 5 -thiol nodified oligonucleotides (5 —-SH AGC GGA
TAA CAA TTT CAC ACA GGA-3') and reconbi nant STV (Roche) using
t he heterobispecific cross-linker sSMCC (Pierce), simlar as
previously described.[ To prepare the DNA-STV alkaline
phosphat ase conjugate 19, 170 pupl of 18 (200 nM in TBSE
buffer (0.15 M NaCl, 20 nM Tris-HO, pH 7.35 containing 5nM
EDTA) was mxed with 170 pl of a solution of biotinylated
al kal i ne phosphatase (200 nM Sigma) in TBSE buffer and the
m xture was incubated for 15 mn at room tenperature. After
i ncubation, the m xture was quenched with d-biotin (81 puMin
TBS) .

To couple alkaline phosphotase conjugate 19 wth
surface-bound ol igonmer 7 of MP-14a, 240 pl of MP-14a (3.2 nM
was mxed with 32 nmolar eq of 19. Simlarly, for the
preparati on of negative control sanples, 130 pl (3.2 nM of
MP-11la or MP-13a, respectively, were nmxed with the sane
amount of 19. The m xtures were incubated for 5 mn, before
they were used in the sandw ch i nmunoassay.

Sandwi ch i mmunoassays were carried out using goat anti-
mouse 1gG (Sigma, 50 pl, 20 nM-coated mcroplates. 50 ul of
a solution containing (50 pul, 20 nM of the nouse 1gG antigen
(Sigma) were added to the mcroplate wells and incubated for
45 mn at room tenperature. After unbound antigens were
renoved by washing with TBS, 50 pl of the various m xtures,
all containing al kaline phosphotase conjugate 19 and either
conjugate MP-11, MP-13 or MP-14, respectively, were added to
the wells and incubated for 2 hours. After renoval of unbound
conjugates by repeated washing with TBS, 50 ul of Attophos



(Roche) was added into each well for fluorescence signal
detection at 560 nm wusing a mcroplate reader (Synergy).



Ceyhan et al. Suppl enent Fig. S1
STV /MP6 Oligomer /Mp10 | HYbrid Zl\jdpol“ogomerS/
NHS- Biot.- NHS- Biot.- NHS- Biot.-
Biotin DPPE Biotin DPPE Biotin DPPE
6b 6a 10b 10a 10b 10a
MPs from wildtype
Batch 1 34 70 n.d. n.d. 23 54
Batch 2 55 31 135 87 33 33
Batch 3 37 230 49 451 20 151
Batch 4 24 160 33 340 19 146
Average 38+11 122+ 78 54 + 50 220 £ 183 24+ 6 96 £ 53
MPs from M SR-1K
Batch 1 25 71 79 88 38 38
Batch 2 14 70 4 35 3 14
Batch 3 10 45 17 25 10 23
Average 16+6 62+ 12 33+32 49 + 28 17x15 25+ 10
Suppl ement Table S1: Surface coverages of the internediate synthesis
steps and the hybridization efficiencies of DNA-functionalized MPs,
derived from various batches of particles, which were isolated from

wildtype strains (36 £ 2 nmin dianmeter) and or from nutant strains MR-
1K (29 = 1 nn) of nmagnetotactic bacteria. The MPs from the wldtype
strai n showed higher anmounts of surface coverages than the MPs of MSR- 1K,
due to their larger particle dianmeter. Note that MPs from w | dtype as
well as from nutant strain showed on average an about 3-4 fold higher
biotinylation rate in the case of biotin-DPPE nodification in conparison
to those obtained with NHS-Biotin. The higher biotinylation rate with
bi oti n- DPPE caused a greater coupling efficiency of STV (i.e., MPs 6) and
bi oti nyl ated oligonucl eotides. The hybrization efficiencies of the DNA-
functionalized MPs with conplementary Cy5-1abel ed ol i gomer probes were in
the range of about 50% and were independent from the biotinylation
nmethod. The errors for the surface coverages of MPs in Table S1 are
possi bly expl ained by the different aggregation tendencies of the various
magnet osome sanpl es. These m ght stem from the biological variations of
the magnetosone nmaterials and mght be associated to nenbrane
i nfringenent during mnagnetosone preparation and handling. However, the
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data of the various experiments with magnetosones from the sanme batch
showed significantly smaller errors of about 10%

Ceyhan et al. Suppl enent Fig. S2
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Suppl erment Fig. S2: Spectroscopic analysis of the DNA-directed
aggregation of MP- and AuNP-conjugates; a) hybridization of 1la with 24 +
5 nm (AuNP,,) DNA-nodified gold nanoparticles 16 via the conplenentary
linker-oligoner 17 showed the characteristic shift of the gold
nanoparticle’s plasnon absorption band (red curve) in conparison to the
sanmple, in which the linker-oligomer 17 was not present in the reaction
m xture (black curve), thus confirmng that the oligomer noities of 1lla
were capable of binding conplenmentary targets. b) Conparison of the
absorbance shifts of the DNA-directed aggregati on by using 1la or 11b for
the aggregation of 11 £ 1 nm (AuNP;;) DNA-nodified gold nanoparticles 16
via linker-oligomer 17. The spectra indicate the sinilar aggregation
efficiency regardless of whether 1la or 11b were used. Note that the
aggregation of larger AuNP,, | eads to higher shifts of the absorption band
than those obtained by aggregation of AuNP;; with the smaller particle-
di anet er.



Ceyhan et al. Suppl emrent Fig. S3
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Suppl enent Fig. S3: Dynamic light scattering neasurenments of DNA-
nodi fied MPs (MP-10) were carried out to deternine the
hydrodynami ¢ di aneter of MPs after functionalization the
magnet osomres Wwith DNA-oligoners. Peak signhals show that the
hydrodynam c di aneter of native MPs of ca. 80nm (bl ack peak) were
i ncreased after DNA-nodification. Here the MP-10a conjugate, which
was obtained by biotinylation of the MPs with biotin-DPPE in the
first step (see Figure 1) show a broader size distribution and
hi gher shift (red peak, peak maxi num at 210 nm as conpared to MP-
10b conjugates, which were prepared by biotinylation the MPs with
NHS- bi otin (blue peak, peak maxinmum at 160 nm). These results
suggest that partially a cohesion of nenbranes of the MPs occur
during the conjugate synthesis, thus leading to the formation of
| arger particle aggregates.



Ceyhan et al. Suppl emrent Fig. $4
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Supplenment Fig. S4: DNA-directed formation of a surface-bound
doubl e [ ayer of MPs and Au-nanoparticles in a mcroplate by using
di functional MPs from nutant strain MSR-1K (see Table Sl1). The
di functional MP-12a,b conjugates used for the formation of the
first layer were prepared either by biotinylation of the MPs with
biotin-DPPE or with NHS-biotin. The formation of the double-Iayer
and subsequent signal detection was carried out as described in
the manuscript (Fig. 3, and corresponding text). The highest
signal s were obtained only when difunctional conjugates MP-12 were
used in the imobilization assay. Negative control sanples, in
which DNA-nodified Au-nanoparticles 15 were incubated in the
absence of linker-oligonmer 16 or by using nonofunctional MP-10a,b
or MP-1la,b showed significantly lower signals, indicating the
specificity of the signals of the double-layer formation obtained
by using difunctional MP-12. Note that the signal of the double-
| ayer formation obtained by using NHS-biotin funtionalized MP-12b
conjugates is slightly lower than the signal obtained by biotin-
DPPE funtionalized MP-12a. As a positive control (pc) DNA-nodified
Au-nanoparticles 15 were inmobilized directly at the nicroplate
through hybridization via linker oligoner 16 wusing biotinyated
capture-oligoner 7.
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Ceyhan et al. Suppl ement Fig. S5
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Suppl enment Fig. S5: Detection of various anounts of the nodel
antigen nouse-1gG in a sandwi ch inmmunoassay. Ms from nutant
strain MSR-1K were used in this assay and MP-14a,b was prepared
either by biotinylation of the MPs with biotin-DPPE or with NHS-
biotin. The inmunoassay and the signal detection were carried
simlar as described in the manuscript (Fig. 4, and corresponding
text). The signals show that down to 1 fnol of the antigen can be
detected by neans of MP-14. Note that the signals obtained wth
particles by the NHS-biotin route (MP-14b) are higher than the
si gnal s obtai ned by using biotin-DPPE functionalized M- 1l4a.
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