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lon transport across cell membranes is one of the most critical
processes in living cells, which requires energy and specific carriers
due to the existence of the hydrophobic lipid layer in the
phospholipid bilayer structure. Specific proteins can provide this
crucial function by serving as ion channels or carriers.

The hydrophilic, nanoscaled polyoxometalates (POM) anions can
form uniform, single-layer, vesicle-like, “blackberry” supramo-
lecular structures in polar solvents via counterion-mediated attrac-
tion.23 Their sizes, ranging from tens to hundreds of nanometers,
can be accurately controlled by adjusting the charge density of
macroions and/or the solvent qualftylhe inter-POM hydrogen
bonds provide a soft, membrane nature to the blackberry siiface.
The blackberry structure is also very stable and robust, as it does

not fall rt even after being broken on a solid surface. ) - i
OHa apart € ? a i l:ﬁ gth t f wat larit Figure 1. Formation of fluorophore-containingMoraFesq} blackberries
ere, we explore whether the nature of water (e.g., polarity or in solution. The cations can slowly pass through the blackberry membrane

viscosity) inside blackberries is different from that in bulk solution  pyt the anions cannot.
and also whether the conserved and soft blackberry membrane is
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permeable to various ions (i.e., achieving passive transportation) ;,[1900](3) A\~ _getore Backberry
by using cation-sensitive fluorophore chlorotetracycline (CTC) and g HN PN | fomaton.
H HY . . 0.61= 600 - r Blackberry .
two anion-sensitive fluorophores, 6-methoxyquinoline (6-MQ) and = ao0| | , formation L] [\ 46 e,
coumarin 1. We use 2.5-nm-sized, “Keplerate” [4eFe 3005 CHs- 05 \

COO)A M0207(H20)} > {H2M0205(H20)} (H20)e1] ({ MO72Fe30},
Figure 1) clusters for this study{Mo-.Fey} is a type of weak
electrolyte; they are neutral clusters in crystals but become
macroanions in water by deprotonating&H" from each cluster, 0.2
and then form~60-nm-diameter blackberriés3®Each blackberry
consists of> 1000{ Mo7Fesq} macroions on its surface, making a
charged layer separating the inside environment from the bulk Figure 2. Change of, =, andkus of coumarin 1 with (a) increase in

solution. There is no long-range ordered packing of POMs on the {Moy.Fesg and (b) time, during the blackberry formation. (Inset) Change
blackberry surface. The POMs do not touch each other due to thej, fluorescence maxima during the blackberry formation.

electrostatic repulsions; hence, many “channels” are formed on the
blackberry surfac&dSingle, spherical “Keplerate” POMs such as  observed in the time-resolved fluorescence studies (Figure 2b
{Moi33} and{MozFes} allow a limited number of small cations  insets). The significant shift of 18 nm in the peak position with the
to move slowly across their surface pores and stay inside theincrease in fluorescence intensity andndicate that some probes
clusters? However, if blackberries are permeable, they have to use are in a different environment after the blackberry formation, i.e.,
their “channels™the space between POMs. the water inside blackberries is different from that in bulk solution.
For a typical experimenf{Mo-.Fes} crystals are dissolved in A slow component starts contributing to the increase of the average
water containing coumarin 1, a good probe to scrutinize the 7; with the blackberry formation, which can be attributed to the
environmental micropolarity and microviscosity of the solvent. gradual encapsulation of the fluorophores inside blackberries, since
Blackberry formation occurs slowly in solution and takes two weeks the regular component is unchanged during the process. No more
for the complete formation at 4TC, as monitored by laser light-  changes are observed once the blackberry formation is completed.
scattering measuremerits/Ve observe significant decreases in the More evidence comes from the time-resolved fluorescence
fluorescence quantum yieldy), fluorescence life timef), and anisotropy result&The fluorophore did not show any time-resolved
the absorbance atnax (Maximum absorbance) with increasing anisotropy before the blackberry formation. However, a biexpo-
{Mo7Fe;e} concentration (Figure 2a). Prominent changes in the nential decay r(t)] of 0.23 is obtained after the blackberry
steady-state spectral properties are observed during the blackberrformation, indicating an increase in the immediate viscosity around
formation. A continuous blue-shift in both the absorption and the probe, i.e. the fluorophores experience a different environment.
fluorescence spectra for coumarin 1 is detected (Figure 2a insets),Three different ambiances are observed, corresponding to three
followed by an increase in the fluorescence intensity (Figure 2b), different states of fluorophores: in bulk solution, on the blackberry
suggesting that some fluorophores experience a different environ-surface, and inside the blackberries. The initial decreage amd
ment during blackberry formation. A very similar blue-shift was 7; with the addition of{ Moz.Fesq} is attributed to the dynamic
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06 —~ Coumarin N 0.090 to the divalent cations with time, indicating that the cations move
05 (a) <oMa (b) Cacl, 0.085 slowly across the blackberry membrane and interact with the
g KBr 0.080 fluorophores present inside. This is strong evidence to show that
204 KEr 0.075-5- the anionic blackberry membrane is permeable to small cations,
£ o0s cacl, po————=¢ Mwﬁ without the help of any specific carriers. Furthermore, the curves
g 0.065:C (¢r vs time) for C&" and M@™ are almost identical, suggesting
302 that the cation transport across blackberry membrane does not show
0:01 el 0.080 obvious dependence on cationic size at least for small ions, since
< bo—o—KCL___ 10085 the channels are broad enough. Due to the different water environ-
00— 50 30 40 50 © 5 101520 45 50 >° ment the fluorophores inside blackberries generate signals at a lower
[Salt] uM Time (Hrs) wavelength. The actual spectrum contains signals from fluorophores
Figure 3. Change in fluorescence quantum yield of coumarin 1, 6-MQ, both outside and inside the blackberries.
and CTC with addition of KBr, KCl, and Cagl respectively. (a) To test the permeability of the blackberry membrane to small

Instantaneous change occurs with the addition of salts; (b) change in gnjons, KCI and KBr are added into the blackberry solutions
fluorescence quantum yield with time, once the addition of salt is stopped. containing 6-MQ or coumarin 1, respectively, and an instant
quenching of fluorescence is observed in both cases. When KCl or

guenching of coumarin 1 by the single POMs, as the St¥lgimer KBr is added. th . instantly int ¢ with th fl h
constants obtained from the steady-state and time-resolved results r'1s added, Ine anions instantly interact wi 0se Tiuorophores

are essentially comparable. The continuous increase iythad present in the bulk phase and on the blackberry surface until all

7y during blackberry formation is followed by a decrease in the I:uo:ophorr]es arrebsatrurtgt(ra]d. Hot\r/vefv err, ncr)n Crhsnl?zBlrn ﬁ(l}tthe:wth/e
nonradiative rate constaltr (Figure 2b), suggesting that some uorescence or absorption spectra for coumari a -MQ

radiative channels are blocked in restricted environments, i.e., insideKCI solutions is observed with time which also rules c_>ut the Ieaka_ge
the blackberrieg. of the blackberry-encapsulated fluorophores. This observation

A possible reason for the anomalous behavior of the blackberry- mdlcat‘:ei thalt tr;f atnlgnsr canlniotngg 'nf'gf trllf) k)rI?ckbtffrrles, I?UT 0
encapsulated water could be due to the large number of the e:’ 0 ?hete; 0s ?_ <|:_e;:3[u Stoh ear t atc erry sul Zce't aiso
hydrogen bonds formed close to POM aniéngvater in a confirms that the initial instant change in theis purely due to

nanoscaled confined environment behaves differently than in bulk the ﬂuorophores.present in bulk solution and on the external surface
solution? The exciting discovery here is that its nature can be of the blackberries. . .
different even for a relatively large quantity. Over three million . I_n summary, we have demonstre_lt_ed_that th? mlcroenvwonr_nent
water molecules stay in eadMor,Fexg} blackberry (66-70 nm !nsn_:le the self-assembled hydrophilic, inorganic POM macroions
size); i.e. a different water microenvironment can be created in bulk is different from that in bulk agueous sol.utlons. A wayer mqlecule
solution with the help of self-assembled POM macroanions. be_comes_ more viscous when re5|d|n_g in such relatively isolated

The cation transport across the blackberry shell can be monitoredmlcroenV|r(_)nments. The . membranelike . blackberry shell a_IIows
by encapsulating ion-sensitive fluorophores inside the blackbéfries. slow, passive transportation of small cailons but not the anions.
The steady-state fluorescence and absorption spectra of two Acknowledgment. T.L. is grateful for support from the NSF
fluorophores, 6-MQ (for anions) and CTC (for divalent cations), (CHE0723312), ACS-PRF (46294-G3), and Lehigh University. We
are used for this study. Wheo;,Fesg} crystals are dissolved in  thank Prof. K. Klier for supporting the steady-state fluorescence
water containing fluorophores, the changeginfor both fluoro- experiments and Prof. A. Datta for the useful discussions.
phores (Figure 2S, Supporting Information [SI]) follows the same  Supporting Information Available: Experimental details and
trend as that for coumarin 1, suggesting that some fluorophoresadditional graphics and references. This material is available free of
(~40%) are incorporated inside the blackberries. charge via the Internet at http://pubs.acs.org.

Once the fluorophore-containing blackberries are formed, extra
salts are added into the solution. The salt concentrations are ) )
controlled to up to 6a:M (78 times higher than the fluorophore 8% (Sae)uel_ri‘ljzw:l'?.lg.ie'\rlrl\eaﬂgr.EE.’!OII_.i?OI-?.(;I ézgssl?i: W. M. Mer, A. Nature
concentration). An increase in thig of CTC is obtained when 2003 426, 59. (b) Liu, T.J. Am. Chem. So@002 124, 10942. (c) Liu,
divalent cations, e.g., Gaor Mg?*, are added to the blackberry gc');cLzucj)bg'féégizc?ggntiﬁogq(gilzvz-?_?jzfgd%#ubTHgmAngbgggzn'
solution (Figure 3a). CTC can bind to €and Mg" with enhanced 126, 16690. ' B '
fluorescence by forming fluorescent chelates, and the fluorescence (3) g?))o};islﬂzg'ehﬂslé'; (%?aLtitd A‘l";-l_lirllj{bgf; ga}sgi'e%;ahirlmj'g: ﬁT'gh%ng'kfc’e%ii
of the chelate itself is a function of the polarity of the environniént. K.: Li, H.: Chen, Z.: Miller, A. J. Am. Chem. So@006 128 15914.
Mostdivalent cations distribute around the large anionic blackbéfries, (4 SM;'Jrlllgr, é-; Igaélﬁlaefr, g-_: Sggh& I;;s é% g-_:}@rgﬁiwg-ihSghyidém‘én'\r/]'-?
creating a favorable situation for the possible transport of cations V. Angew. c%em_,’mi‘_ Ed_é)gg 38, 3238, T '

across the blackberry membrane. Interestingly, we observe a (5) (a) Muler, A.; Toma, L.; Bayge, H.; Henry, M.; Haupt, E. T. K.; Mix,
A.; Sousa, F. LChem. Commur2006 32, 3396. (b) Miler, A.; Zhou,
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