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ABSTRACT: Self-assembly of individual units into multicomponent complexes is a powerful approach for the generation 
of functional super-structures. We present the coordinative interaction of oligohistidine-tags (His-tags) with metal-
organic framework nanoparticles (MOF NPs). By this novel concept, different molecular units can be anchored on the 
outer surface of MOF NPs in a self-assembly process generating multifunctional nanosystems. The article focuses on two 
main objectives: first, the detailed investigation of the assembly process and fundamental establishment of the novel 
functionalization concept; and second, its subsequent use for the development of biomacromolecule (e.g. peptides and 
proteins) delivery vehicles. Three exemplary MOF structures, MIL-88A, HKUST-1 and Zr-fum, based on different metal 
components, were selected for the external binding of various His-tagged synthetic peptides and recombinant or chemi-
cally H6-modified proteins. Evidence for simultaneous assembly of different functional units with Zr-fum MOF NPs as 
well as their successful transport into living cells illustrate the promising potential of the self-assembly approach for the 
generation of multifunctional NPs and future biological applications. Taking the high number of possible MOF NPs and 
different functional units into account, the reported functionalization approach opens great flexibility for the targeted 
synthesis of multifunctional NPs for specific purposes. 

INTRODUCTION 
Nanoparticles (NPs) that combine different functional 

domains are of high interest for various scientific disci-
plines requiring multifunctionality at the nanoscale. The 
controlled manipulation of the external surface of NPs is 
of paramount importance as it defines the interface be-
tween the NP and its surroundings and strongly deter-
mines the overall performance of the NP especially in 
biologic environments1,2. Researchers have shown that 
surface functionalization is a powerful tool for the crea-
tion of programmable NP interfaces. In this respect, the 
self-assembly of the functional units onto the NPs surface 
appears as a powerful approach because it would ensure a 
defined arrangement of these units without any guidance 
from an external source. Examples of self-assembly pro-
cesses used for the generation of multifunctional colloidal 
NPs are micelle, liposome or polymerosome formation of 
amphiphilic compounds3-6 and cyclodextrin-adamantane 
host-guest interactions7,8. Especially for biomedical appli-
cations, multifunctional NPs that interact with biological 
systems at the molecular level and perform tasks within 
cellular systems are in great demand9,10. The intracellular 

delivery of biomacromolecules, such as peptides and pro-
teins, represents a particularly challenging task. Several 
different barriers have to be overcome, including cellular 
uptake, endosomal escape, intracellular trafficking and 
cargo release11,12. The heterogeneity of this compound 
class (hydrophilicity, charge, functional groups) hampers 
the development of universal delivery platforms. For this 
reason, nanocarriers with a functionalization mode, 
which is independent from the individual properties of 
the functional units, would be advantageous. 

Here, we present the coordinative interaction of oligo-
histidine-tags with metal-organic frameworks (MOFs) as 
a novel external functionalization concept for MOF NPs 
based on a self-assembly process. MOFs are a class of 
materials synthesized of inorganic building units, metal 
ions or metal oxide clusters, which are coordinatively 
connected by organic linkers to create porous three-
dimensional frameworks (Figure 1a)13. Their crystallinity, 
chemically functionalizable pores and potential systemat-
ic structural variation are some factors amongst others 
that allow to precisely design these materials for particu-
lar purposes14,15. Regarding biomedical applications, the 
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hybrid MOF nature provides the advantageous potential 
of degradability and disintegration into the low molecular 
weight components which can be eliminated from the 
body16-19. Different research groups have already reported 
pioneering examples of MOF NPs as transport vehicles for 
the delivery of biologically active molecules16,20-27. Here 
the combination of MOF high surface area for high drug 
loading and the possibility to engineer the internal sur-
face to control MOF scaffold-guest interaction was used 
to optimize the nanocarrier performance28. Even, biom-
acromolecules such as proteins, DNA or enzymes could 
be recently encapsulated into MOFs29,30 or the MOF scaf-
fold itself could be used as a part of the therapeutic prin-
ciple31-34. Therefore, combining the rich and versatile bulk 
chemistry of MOF materials with controlled and pro-
grammable NP interfaces may lead to novel multifunc-
tional nanosystems35-40. Our concept uses the interaction 
between Lewis bases, such as the imidazole function of 
histidine and coordinatively unsaturated metal sites 
(CUS) present on the external surface of MOF NPs (Fig-
ure 1b) to self-assemble different functional units (Fig-
ure 1c).  

 
Figure 1. Illustration of coordinative self-assembly of His-

tagged molecules with MOF NPs: a) molecular composition 
of MOFs; b) coordinative bond between the imidazole group 
of histidines acting as Lewis base and coordinatively unsatu-
rated metal sites (CUS) acting as Lewis acid; c) multifunc-
tional MOF NPs generated by coordinative attachment of 
different functional units via self-assembly. 

 
The exemplary set of (oligohistidine-tag) functional 

units used in this study is summarized in Table 1. Since 
His-tags can be readily integrated into peptides or pro-
teins by synthetic, recombinant or bioconjugation tech-
niques, they appear to be ideal connectors to create a 
versatile inorganic/bioorganic interface at the MOF NPs’ 
surface. The same interaction (Figure 1b) is routinely used 
for the purification of recombinant proteins by immobi-
lized metal ion chromatography41,42. Applicability of the 
coordinative His-tag interactions for intracellular delivery 
of proteins has been demonstrated before by using conju-
gates of nitrilo-triacetic acid derivatives and cell-
penetrating peptides43,44, polymers45 or silica NPs46. In 

these approaches, the delivery platforms and vehicles 
were synthetically modified with separate metal-
chelators. Since the metal-sites already are an integral 
part of the coordinative MOF structure, the external sec-
ondary modification via coordinate bonds in the present-
ed approach of ‘self-assembling multifunctional coordina-
tion particles’ (SAMCOPs) is considered a powerful tool 
for the combinatorial and stoichiometric generation of 
functional MOFs. 

 

Table 1. His-tagged functional units used for the as-
sembly with MOF NPs. 

Code Sequence
[a]
 / Description Function 

H6-Acr Acridine-PEG28-H6NH2 
Photometric      
detection 

H0/3/6-Acr Acridine-STOTDA-H0/3/6 

H0/3/6-FITC FITC-STOTDA-H6 

Fluorescence  
detection 

H6-A647N ATTO647N-PEG12-H6NH2 

H6-CF Carboxyfluorescein-PEG12-H6NH2 

H6-GFP Recombinant eGFP (H6-Tag) 

Model pro-
teins  

H6-Tf* 
Transferrin conjugated with H6-PEG36 and 
ATTO647N 

H6-Bak H6-GGQVGRQLAIIGDDINRNH2 

Apoptotic 
peptides 

H6-Bad H6-GNLWAAQRYGRELRRMSDEFVDNH2 

H6-KLK H6-GGKLAKLAKKLAKLAKNH2 

H6-CytC Cytochrome C conjugated with H6 
Apoptotic         
protein 

[a] 
Peptide sequences are indicated from N- to C-terminus 

using the one-letter code for α-amino acids (Hn, n = number 
of histidines); * ATTO647N label. 

 

RESULTS AND DISCUSSION 
Selection and characterization of MOF NPs. A set of 

three exemplary MOF structures, MIL-88A (Fe3+/fumaric 
acid)16, HKUST-1 (Cu2+/trimesic acid)47 and Zr-fum 
(Zr4+/fumaric acid)48,49 was selected for testing the assem-
bly strategy. HKUST-1 was chosen based on the high His-
tag affinity toward chelated Cu2+, which even exceeds 

affinity toward Ni2+ and Co2+ 50,51. MIL-88A and Zr-fum 
represent well established MOFs with potential for bio-
medical applications16,18. Although Ni2+, Co2+ and Zn2+ are 
known to have high affinity to His-tags50,51, we did not 
include them in the study due to the expected cytotoxici-
ty of Ni2+ and Co2+ MOFs and the low stability of Zn-based 
MOFs in aqueous media. Together, the set covers a range 
of well-established MOF species with individual material 
characteristics and each based on a different di-, tri- or 
tetravalent metal component with expected different His-
tag binding capacities. 

The quality of the MOF NPs used in this study was en-
sured by applying multiple complementary characteriza-
tion techniques: scanning electron microscopy (SEM, 
Figures S10-S15), dynamic light scattering (DLS, Figures 
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S1-S2, Table S2), X-ray diffraction (XRD, Figures S3-S5), 
thermogravimetric analysis (TGA, Figures S6-S8) and 
nitrogen sorption measurements providing the surface 
area (Figure S9, Table S3). Powder XRD patterns were 
determined for all MOF NP species (Figures S3-S5). The 
diffractograms were used to verify the successful synthesis 
of the MOF species as well as to show the high crystallini-
ty of the Zr-fum and HKUST-1 NPs. It should be noted 
that the poor crystallinity of the MIL-88A NPs are ex-
pected and have been frequently reported and discussed 
in the literature16,52-55. At the same time XRD was used to 
prove the stability of the three MOFs under the later used 
conditions (Figures S3-S5). For additional bulk characteri-
zation, all NP species were examined with both nitrogen 
sorption experiments (Figure S9, Table S3) and TGA (Fig-
ures S6-S8). The microporosity of all three NP species 
ranging from 0.6 up to 1.5 nm was confirmed and the BET 
surface area yielded typical results16,47-49. Thus, we have 
successfully synthesized the MIL-88A, HKUST-1 and Zr-
fum MOF structures with their expected bulk properties. 

In order to characterize their corresponding NP proper-
ties a combination of two techniques were used: particle 
size distributions were determined via scanning electron 
microscopy (SEM, Figures S10-S15) for the dried species 
and, more importantly, for the dispersed species via dy-
namic light scattering (DLS, Figures S1-S2, Table S2). For 
Zr-fum, SEM measurements resulted in a diameter of (84 
± 7) nm for the dried particles. The corresponding z-
average diameter measured via DLS in water was deter-
mined at (182 ± 4) nm with a polydispersity index (PDI) of 
0.205. This deviation towards larger diameters is to some 
extent expected, since DLS provides the hydrodynamic 
diameter of the particles and is influenced amongst others 
by particle-solvent interactions and aggregation56,57. The 
other MOFs behave similarly: DLS experiments resulted 
in an average intensity based diameter of (191 ± 1) nm 
(PDI = 0.130) for MIL-88A and (530 ± 27) nm (PDI = 
0.290) for HKUST-1 with the corresponding dried particle 
size distributions of (61 ± 7) nm for MIL-88A and for 
HKUST-1 (177± 39) nm. We suppose that the main reason 
for the larger NP diameters determined using DLS is due 
to the fact that the MOF samples reveal agglomeration 
behavior in solution56. 

 
Photometrical analysis of His-tag binding to MOF 

NPs. The binding of different His-tag model peptides (e.g. 
Hn-Acr, Hn-FITC, H6-A647N) to MIL-88A, HKUST-1 and 
Zr-fum in HEPES buffered glucose (HBG) at pH 7.4 was 
determined by the detection of residual free peptide in 
the supernatant after incubation and centrifugation of the 
MOF suspensions (Figures 2a, 2b, 2d, 3, S17, S19, Scheme 
S1). An exemplary movie demonstrating the binding of    
H6-A647N to HKUST-1 MOF NPs visualized by decolora-
tion of the supernatant after centrifugation is provided as 
supporting material for download. The exclusive reduc-
tion of H6-Acr (in contrast to A6-Acr) in the supernatant, 
illustrated by the discrete diminution of the H6-Acr peak 
in the RP-HPLC chromatograms, represents qualitative 
evidence for the histidine-dependent interaction with all 
three investigated MOF species (Figure 2b). The peptide-

specific binding was also verified by zeta potential meas-
urements (Figure 2c) showing a significant shift towards 
neutrality caused by the His-tag containing derivatives 
only. Quantitative determination of binding as a function 
of histidine residues, i.e. number of Lewis base units (H0, 
H3, H6) was carried out by photometric quantification of 
residual free peptide using a UV-photometer (Figure 2d). 
The amount of bound H3- and H6-peptides increased with 
increasing amounts of MOFs, but binding of the H0 deriv-
ative, corresponding to no histidine residue, was generally 
negligible. Notably, in case of all three MOFs significantly 
higher peptide binding was observed with higher number 
of histidines (H0 vs. H3 and H3 vs. H6).  

 

 
Figure 2. Acridine (Acr) peptide binding to MIL-88A (left), 

HKUST-1 (middle) and Zr-fum (right) particles in HEPES 
buffered glucose (HBG) at pH 7.4. a) Chemical structure and 
control chromatogram of model compounds H6-Acr, A6-Acr. 
b) Peptide binding (H6 vs. A6) by detection of reduced free 
peptides in the supernatant (RP-HPLC, λ=360 nm). c) Effect 
of peptide binding on zeta potential. d) Quantitative deter-
mination of bound peptides H0 (white), H3 (pattern), H6 
(black) as difference to photometrically quantified free pep-
tides in the supernatant (λ=360 nm) using a UV-photometer. 
Please note that the scaling of y-axes is accommodated to the 
different binding capacities: 0-120 nmol peptide in case of 
MIL-88A and HKUST-1, 0-16 nmol peptide in case of Zr-fum. 

 
This correlation was additionally confirmed for Zr-fum 

via fluorescence spectroscopy by using FITC labeled pep-
tides (H0/3/6-FITC) (Figure S19). Excessive addition of 
imidazole decreased binding of H6-FITC to levels of H0-
FITC, suggesting competition of histidine and free imid-
azole for coordinative interaction with the MOF surface, 
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similar to the elution of His-tagged proteins from a nick-
el-column in immobilized-metal ion chromatography 
purifications. Comparing H6-tag binding to 500 µg MOF 
NPs, HKUST-1 achieved the highest binding (104 nmol), 
followed by MIL-88A (96 nmol) and Zr-fum (12 nmol) 
which is consistent with reported metal ion affinities 
(Cu2+ > Fe3+, Zr4+) for His-tags41. A time course experiment 
(Figure 3b) revealed stable association of Zr-fum/H6-
A647N for 24 h at pH 7.4 and rapid partial (pH 5) or com-
plete (pH 3) release upon acidification. This is consistent 
with the hypothesis of unprotonated histidines acting as 
Lewis base and being responsible for binding (Figure 2a). 
We suggest that the incomplete detachment at pH 5 is 
caused by a lowered pKa of the imidazole group due to 
metal ion binding58 and an equilibrium between protons 
and metal ions competing for histidine interactions.  

 
Figure 3. pH dependent stability of H6-tag binding to Zr-

fum NPs. a) Schematic illustration of acidic detachment due 
to histidine protonation. b) Experimental data obtained by 
photometric determination (λ=646 nm) of free H6-A647N in 
the supernatant after centrifugation. Left: Zr-fum NPs were 
loaded with H6-A647N at pH 7.4 for 15 min, centrifuged and 
the supernatant was analyzed; Ctrl illustrates absorbance of 
free peptide in a sample without MOF NPs. Right: MOF NP 
suspensions were acidified to a defined pH and incubated for 
indicated times before centrifugation and analysis of the 
supernatant. Reaction tubes below show the MOF pellets of 
the same samples after 24 h at pH 7.4 (left), pH 5 (middle), 
pH 3 (right) and centrifugation; decoloration of the pellet 
due to acidic H6-A647N detachment at pH 3 can be observed. 

 
Fluorescence Correlation Spectroscopy (FCS). Using 

FCS the binding of fluorescently labeled H6-tags to MOF 
particles was measured at low concentrations with single-
molecule sensitivity (Figure 4, S18). Figure 4 (upper left) 
and Figure S18 show a significant increase in the autocor-
relation amplitude after addition of all three MOF species, 
indicating a reduction of the H6-tag number concentra-
tion most likely due to multiple binding to MOF NPs. In 
case of MIL-88A and HKUST-1 (Figure S18), however, no 
change in the characteristic correlation decay time could 
be detected. We attribute this to the known phenomenon 
of MOF induced fluorescence quenching59,60 as well as 
rather large effective particle sizes, in particular of 
HKUST-1, resulting from aggregation, which both can 
cause a decline of detectable tags after binding. For Zr-
fum NPs several key observations could be made (Figure 
4). Free H6-tags (grey) showed fast single molecule diffu-
sion prior to NP addition (Figure 4, lower left). After addi-
tion of Zr-fum NPs at pH 7.4 (orange) the collective diffu-
sion was shifted towards higher diffusion times revealing 

H6-tag binding to Zr-fum NPs. Following acidification 
(green) the diffusion rate increased relative to the pH 7.4 
measurement indicating partial detachment of His-tags 
from the MOF NP surface, due to the protonation of his-
tidines. 

 
Figure 4. Investigation of Zr-fum/H6-A647N interaction by 

fluorescence correlation spectroscopy (FCS). Upper left: FCS 
time correlation functions of H6-A647N before (grey) and 
after Zr-fum NP addition (green). Lower left: Normalized 
time correlation functions of binding of H6-A647N at pH 7.4 
(orange) and release upon acidification (green); free H6-
A647N (grey). Upper right: Normalized time correlation 
functions of measurements in DMEM (10 % FBS) of free H6-
A647N (grey) and Zr-fum/H6-A647N (orange). Lower right: 
fluorescence cross correlation spectroscopy (FCCS) meas-
urements of H6-GFP (blue) and H6-Tf* (red) in HBG pH 7.4 
before (dotted) and after (solid) Zr-fum addition. Cross cor-
relation before (dotted grey) and after (solid grey) Zr-fum 
addition. 

 
Importantly, H6-tag association with Zr-fum NPs re-

mained stable after dilution in DMEM medium contain-
ing 10 % fetal bovine serum (FBS), confirming the suita-
bility for use under cell culture conditions (Figure 4, up-
per right). Finally, two His-tagged proteins with distinct 
fluorescence spectra (recombinant eGFP with genetically 
encoded His-tag: H6-GFP, and human transferrin chemi-
cally conjugated with a H6-tag and Atto647N label: H6-
Tf*) were used for fluorescence cross correlation spec-
troscopy (FCCS) measurements to investigate simultane-
ous binding of both entities to single particles (Figure 4, 
lower right). In a solution containing equimolar amounts 
of both proteins the cross correlation showed high coin-
cidence of H6-GFP and H6-Tf* after addition of Zr-fum 
NPs (solid grey), which demonstrated binding of different 
His-tagged proteins to the same Zr-fum particles. Im-
portantly both FCS and FCCS experiments revealed the 
colloidal stability of the MOF NPs. Additionally, the 
framework stability of the particles prior to and after 
functionalization under aqueous conditions was investi-
gated by XRD measurements (Figures S3-S5). The exper-
iments showed the nearly unchanged crystallinity of all 
samples under each tested condition. In case of Zr-fum 
MOF NPs this was also confirmed by SEM and DLS meas-
urements, exhibiting no observable change in morpholo-
gy of dried particles and moderate effect on hydrodynam-
ic size of dispersed particles upon modification with H6-
Acr in HBG pH 7.4 (Figures S2 and S16). 
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Cellular uptake of model peptides and proteins 
with MOF NPs. To assess the potential of MOF NPs to 
mediate cellular internalization of biomacromolecules, 
H6-Carboxyfluorescein (H6-CF), recombinant eGFP with 
genetically encoded His-tag (H6-GFP) and chemically His-
tagged and ATTo647N labeled human transferrin (H6-Tf*) 
were used as fluorescent model compounds. Based on the 
photometrical analysis of His-tag binding to the three 
MOF species (Figure 2d), the His-tagged functional units 
were used at a ratio of 10 nmol H6-tag per 1 mg MOF 
which is considerably below the determined binding ca-
pacities of 192 nmol/mg MIL88A,  208 nmol/mg HKUST-1 
and 24 nmol/mg Zr-fum. First, cell viability of HeLa cells 
after incubation with different amounts of all three MOF 
NPs and different His-tags for 48 h was evaluated by 
MTT-assay (Figure S20). MIL-88A, Zr-fum, and the tested 
His-tags H6-CF, H6-GFP and H6-Tf, were very well tolerat-
ed. HKUST-1 exhibited considerable cytotoxicity, which 
could be avoided by shortening the  incubation time with 
cells to 2 h followed by medium exchange, which deleted 
observable effects on metabolic activity at the endpoint 
evaluation after 48 h (Figure S20b). Next, cellular uptake 
of the different MOF NPs after functionalization with the 
H6-tagged fluorescent dye H6-CF or H6-GFP was investi-
gated. For prefunctionalization by coordinative self-
assembly, His-tags and MOF NPs were mixed at a final 
concentration of 10 µM H6-tag and 1 mg/ml MOF in HBG 
buffer (ratio of 10 nmol H6-tag per 1 mg MOF) and incu-

bated for 15 min at room temperature. Cells were then 
incubated with the different functionalized MOF NPs for 
24 h in medium at a concentration of 0.1 mg/mL MOF 
corresponding to 1 µM His-tag, followed by flow cytome-
try and confocal laser scanning microscopy (CLSM) (Fig-
ure 5, S21, S22a, S23-S26). MIL-88A and HKUST-1 MOF 
NPs contained huge particles with a tendency to aggre-
gate (Figure S1, S10-S13) and showed quenching effects 
(Figure S18) resulting in poor detectability of cellular 
uptake (Figure S21). Compared to MIL-88A and HKUST-1, 
Zr-fum MOF NPs exhibit several favorable characteristics 
such as very narrow particle size distribution, uniform 
sphere morphology, low aggregation behavior, negligible 
fluorescence quenching and also good cellular tolerance. 
Thus despite their comparatively low His-tag binding 
capacity, they were selected to be used for further exper-
iments. Zr-fum/H6-CF showed cellular uptake in CLSM 
(Figure 5a, left) and flow cytometry (Figure 5a, right). 
Additional z-stacks of CLSM images can be found in Fig-
ures S23 and S24. The mean fluorescence intensity (MFI, 
inset) of cells treated with Zr-fum/H6-CF increased 20-
fold compared to free H6-CF. The cellular uptake of Zr-
fum/H6-GFP alone is depicted in Figure S22a, S25 and S26 
showing 30-fold higher MFI values compared to free H6-
GFP. A 3D reconstruction movie of a cell treated with Zr-
fum/H6-GFP is provided as supporting material for down-
load. 

 
Figure 5. Cellular uptake of fluorescent peptide H6-CF mediated by Zr-fum NPs. H6-CF was incubated with Zr-fum MOF NPs 

for 15 min at room temperature in HBG for prefunctionalization by coordinative self-assembly. The functionalized particles were 
incubated with HeLa cells for 24 h at a concentration of 0.1 mg/mL Zr-fum corresponding to 1 µM H6-CF . Solutions containing 
H6-CF at same concentration but no Zr-fum NPs served as control (Ctrl). a) Confocal laser scanning microscopy (CLSM, left) and 
flow cytometry (right) after incubation of HeLa cells with functional NPs Zr-fum/H6-CF (Zr-fum, CLSM upper row, flow cytome-
try solid black), H6-CF control without Zr-fum NPs (Ctrl, CLSM lower row, flow cytometry dotted black) or HBG (flow cytometry 
grey). Mean fluorescence intensity (MFI) was normalized to HBG and is depicted in the inset. CLSM left to right: green fluores-
cence of H6-CF, nuclear staining with Hoechst dye, brightfield image, overlay of all three channels. b) Enlarged CLSM image of a 
fixated HeLa cell after incubation with Zr-fum/H6-CF. Left to right: green fluorescence of H6-CF, nuclear staining with DAPI dye, 
actin staining with rhodamine-phalloidin, overlay of all three channels. Scale bar: 25 µm. Additional images can be found in the 
Supporting Information Figure S23 and S24. 
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A distinct advantage of the self-assembly concept 
demonstrated here is the possible one-step multifunc-
tionalization of MOF NPs by simultaneously mixing of 
different H6-tagged functional units with bare MOF NPs 
(Figure 1c). This procedure facilitates the creation of mul-
tifunctional MOF NPs with various stoichiometric ratios 
as required for optimization of spatio-temporal co-
delivery into cells. As the simultaneous assembly of H6-
GFP and H6-Tf* with Zr-fum MOF NPs had been con-
firmed by FCCS measurements (Figure 4, lower right), 
HeLa cells were subjected to these double-functionalized 
particles (Zr-fum/H6-GFP+H6-Tf*) for 24 h at a concentra-
tion of 0.1 mg/mL MOF  corresponding to 0.5 µM H6-GFP 
and H6-Tf*, followed by investigation of the internaliza-
tion (Figures 6, S22b). Considerable co-localization of H6-
GFP and H6-Tf* could be observed (Figure 6a, upper row 

and 6b). In contrast to free H6-GFP, free H6-Tf* was also 
taken up by the cells without the addition of Zr-fum MOF 
NPs to a certain extent (Figure 6a, lower row). This can be 
explained by the fact that HeLa cells express the transfer-
rin receptor (Figure S29), thus enabling receptor-
mediated uptake of free H6-Tf*. However, despite the 
MOF-independent uptake route of H6-Tf*, association 
with Zr-fum resulted in 5-fold higher internalization, 
confirming an additional boost due to NP mediated up-
take. Additional z-stacks of CLSM images can be found in 
Figures S27 and S28. Looking at the intracellular distribu-
tion of fluorescent peptides and proteins internalized via 
Zr-fum MOF NPs in detail, the spotty arrangement indi-
cates high vesicular entrapment and suggests endosomal 
escape being a hurdle for cytosolic delivery. 

 

 
Figure 6. Simultaneous cellular uptake of fluorescent proteins H6-GFP and H6-Tf* mediated by Zr-fum NPs. An equimolar 

mixture of H6-GFP and H6-Tf* was incubated with Zr-fum MOF NPs for 15 min at room temperature in HBG for prefunctionali-
zation by coordinative self-assembly. The double functionalized particles were incubated with HeLa cells for 24 h at a concentra-
tion of 0.1 mg/mL Zr-fum corresponding to 0.5 µM H6-GFP and H6-Tf*. Solutions containing H6-GFP and H6-Tf* at same concen-
tration but no Zr-fum NPs served as control (Ctrl). a) Cellular uptake of Zr-fum/H6-GFP+H6-Tf* (upper row) or control without 
MOF NPs (lower row). CLSM left to right: green fluorescence of H6-GFP, red fluorescence of H6-Tf*, nuclear staining with 
Hoechst dye, brightfield picture, overlay of all four channels, yellow color indicates co-localization of H6-GFP and H6-Tf*. Flow 
cytometry analysis: HBG (left) or H6-GFP +H6-Tf* (right) with Zr-fum MOF NPs (upper row) or Ctrl without MOF NPs (lower 
row). b) Enlarged CLSM image of a fixated HeLa cell after incubation with Zr-fum/H6-GFP+H6-Tf*. Left to right: green fluores-
cence of H6-GFP, red fluorescence of H6-Tf*, nuclear staining with DAPI dye, actin staining with rhodamine-phalloidin, overlay 
of all four channels. Scale bar: 25 µm. Additional images can be found in the Supporting Information Figure S27 and S28 and a 
3D reconstruction movie of a cell treated with Zr-fum/H6-GFP is provided as supporting material for download. 

 

Endocytosis mechanism. The cellular uptake pathway 
of Zr-fum/H6-GFP NPs was investigated in an uptake 
experiment (Figure 7). HeLa cells were pre-incubated for 
30 min at 4 °C, to reduce cellular metabolism and block 
energy dependent processes, or with various concentra-
tions of the individual endocytosis inhibitors chlorproma-
zine (clathrin-mediated endocytosis), amiloride 
(macropinocytosis) and genistein (caveolae-mediated 

endocytosis) to discriminate the particular endocytotic 
routes. Afterwards the cells were subjected to Zr-fum/H6-
GFP NPs at a concentration of 0.1 mg/mL MOF NPs cor-
responding to 1 µM H6-GFP  for 2 h, followed by flow 
cytometric analysis in acidified PBS (pH 4, 10 % FBS) to 
quench the extracellular fluorescence. The results clearly 
show, that the NPs are internalized via an energy depend-
ent process. Pre-incubation with amiloride showed the 
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greatest inhibitory effect which suggests macropinocyto-
sis is having major contribution to the uptake of Zr-
fum/H6-GFP nanoparticles. Since some effect of genistein 
was observed, caveolae mediated uptake might also be 
involved to a minor extent. A recent study investigated 
the endocytosis mechanisms of UiO-66 
(Zr4+/terephthalate) MOF NPs 61. Consistently, the cellular 
uptake of UiO-66 was also identified to be an energy 
dependent process with distinct involvement of 
macropinocytosis, however also major contribution of 
clathrin-mediated endocytosis was found.  
 

 
Figure 7. Evaluation of endocytosis inhibition of Zr-

fum/H6-GFP nanoparticles. Pre-Incubation of HeLa cells with 
different inhibitors or at 4 °C for 30 min, followed by incuba-
tion with Zr-fum/H6-GFP for 2 h at 37 °C or 4 °C. Flow cy-
tometric analysis was carried out in PBS (pH 4.0) to quench 
the extracellular fluorescence. Cellular uptake was deter-
mined as MFI. Data are presented as % cellular uptake nor-
malized to uptake of Zr-fum/H6-GFP NPs at 37 °C ± SD (n=3). 

 
Transduction of biologically active peptides and 

proteins. To further evaluate the potential of Zr-fum 
MOF NPs as carrier system for cytosolic cargo release, 
transduction of membrane impermeable bioactive pro-
apoptopic peptides (Bak, Bad, KLK) and mitochondrial 
cytochrome C (CytC) protein was investigated and cell 
killing was used as reporter of successful cytosolic deliv-
ery. H6-tags were chemically conjugated to CytC or inte-
grated at the N-terminus of the peptide sequences de-
rived from the BH3 domain of Bak and Bad proteins62 or 
the antibacterial and mitochondrial membrane-disruptive 
artificial peptide KLK63,64. Endogenous cellular CytC rep-
resents an essential part of the electron transfer chain in 
mitochondria but also a crucial player in the intrinsic 
mitochondrial apoptosis pathway after release into the 
cytosol65. Several approaches for the intracellular delivery 
of exogenous CytC, induction of apoptosis and cell killing 
have been reported before66-69. Notably, for the purifica-
tion of H6-CytC (and H6-Tf*) carrying a H6-tag after 
chemical conjugation, immobilized metal-ion chromatog-
raphy was used, which is based on the same principle as 
the binding to MOFs. The utilization of the same interac-
tion for isolation and subsequent attachment to the carri-
er system is considered a very convenient and robust 
manufacturing process. Binding of the pro-apoptotic 
factors to Zr-fum NPs was confirmed by measuring the 

change of zeta potential upon addition of the MOFs (Fig-
ure S30a). For biological evaluation, HeLa cells were 
treated with Zr-fum/H6-Bak, /H6-Bad, /H6-KLK or /H6-
CytC (0.2 mg/mL Zr-fum and 10 µM peptide or protein) 
for 48 h. Cell viability was assessed by MTT assay and 
approx. 60 % cell killing could be detected in case of all 
functionalized Zr-fum NPs (Figure 8). 

Without the addition of MOF NPs all pro-apoptotic fac-
tors did not exhibit any detectable toxicity up to a con-
centration of 20 µM (Figure S30b). These findings indicate 
that, despite the bottleneck of vesicular entrapment, sig-
nificant fractions of cargo molecules were able to escape 
and induce biological effects in the cytosol.  

 

 
Figure 8. Intracellular transport of pro-apoptotic factors by 

Zr-fum MOF NPs and induction of HeLa cell killing upon 
incubation for 48 h. Final concentration of H6-Bak, H6-Bad, 
H6-KLK, H6-CytC was 10 µM (0.2 mg Zr-fum/10 nmol His-tag 
per mL medium). Data are presented as % metabolic activity 
of control cells ± SD (n=3) (MTT assay).  

 
CONCLUSION 

In summary, the proposed coordinative interaction of 
functionalized His-tags with MOF NPs was successfully 
established, exhibiting His-tag length and MOF species 
dependent binding. The fact that all investigated MOF 
structures showed considerable H6-tag binding, despite 
their different metal components, provided flexibility for 
consideration of additional parameters and material char-
acteristics (e.g. particle size distribution, aggregation 
behavior, fluorescence quenching and cytotoxicity) rele-
vant for the intended purpose. The inherent properties of 
the individual compounds (His-tag containing functional 
units, MOF NPs) and the reversible nature of interaction 
account for the strength of the approach. Numerous 
available recombinant proteins already contain His-tags 
or they can readily be integrated in peptidic structures by 
conjugation. For biomedical applications, MOF NPs are 
promising materials due to their precise assembly of an 
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enormous number of inorganic and organic molecular 
building blocks resulting in a highly variable chemical 
composition, porosity and degradability into their small 
building units. The MOF structural designability at the 
molecular level chemistry together with an extension of 
the functional unit library opens the perspective to gener-
ate a variety of “self-assembling multifunctional coordina-
tion particles” (SAMCOPs) by simple combinatorial and 
stoichiometric mixing. In this respect, this work presents 
a versatile functionalization concept of MOF NPs with 
great potential for co-delivery of proteins, drugs or other 
pharmacologically active agents, including those that can 
be adsorbed within the pore systems. 

 
METHODS 

Synthesis of MIL-88A.MIL-88A were synthesized using 
an approach based on the results of Chalati et al.52 FeCl3 x 
6 H2O (1.084 g, 4.01 mmol) and fumaric acid (485 mg, 
4.18 mmol) were given into water (20 mL). After FeCl3 x 
6H2O was completely dissolved, the reaction vessel was 
placed in a microwave reactor (Synthos 3000, Anton 
Paar). In addition to the reaction vessel, a reference vessel 
containing an aqueous solution of FeCl3 x 6H2O (1.080 g, 
20 mL) and 2 vessels containing water (20 mL) were 
placed in the microwave reactor. The sample was heated  
in 30 sec to 80  °C, stayed at 80 °C for 5 min and cooled 
down to room temperature in 1 h. 

Synthesis of HKUST-1. The synthesis of HKUST-1 was 
conducted following a method shown by Huo et al.47 
Cu(NO3)2 x 2.5H2O (70 mg, 0.30 mmol) was dissolved in 
water (6 mL). Trimesic acid (126 mg, 0.60 mmol) was 
added to this solution under stirring. The reaction mix-
ture was left stirring for 60 min. Subsequently, the result-
ing product was washed via centrifugation (15 min, 
8750 rpm). The supernatant was removed and the precipi-
tated nanoparticles were dispersed in ethanol (6 mL). 
This washing cycle was repeated three times to yield the 
final product. 

Synthesis of Zr-fum. Zr-fum were synthesized using an 
approach based on the results of Wißmann et al.48 ZrCl4 
(120.4 mg, 0.52 mmol) and fumaric acid (180.1 mg, 
1.54 mmol) were given into a glass vessel (25 mL). A mix-
ture of water (10 mL) and formic acid (975 μL) was added 
to the glass reactor. After sealing the reactor the disper-
sion was placed in an oven (120 °C) for 24 h. Subsequent-
ly, the reaction mixture was cooled down to room tem-
perature followed by separation into 8 equal portions. 
The nanoparticle dispersions were washed in a first step 
via centrifuging (4 min, 14000 rpm) and subsequent re-
dispersion in water (8 x 1.5 mL) under sonication. The 
samples were further washed in three additional washing 
cycles comprising centrifugation (4 min, 14000 rpm), 
removal of the supernatant, and redispersion of the re-
maining nanoparticles in ethanol (8 x 1.5 mL). Afterwards, 
the 8 dispersions were reunified. 

Preparation of MOF suspension in HBG. MOF sus-
pensions in HBG were always freshly prepared prior to 
performing the experiment. The necessary amount of 
MOF material in ethanol was centrifuged (10 min, 
10000 rpm), and the supernatant was removed. The MOF 

pellet was resuspended in HBG (pH 7.4) at a final concen-
tration of 5 or 10 mg/mL by continuous pipetting, fol-
lowed by 10 min sonication. 

Investigation of peptide binding (A6, H6) by RP-
HPLC. 3 μL of a solution containing equimolar amounts 
of H6-Acr and A6-Acr (5 mM) in HBG (pH 7.4) were added 
to 47 μL HBG in a 1.5 mL reaction tube. 100 μL of MOF 
suspension (5 mg/mL in HBG, pH 7.4) were added and 
vortexed briefly. As control, 100 μL HBG without MOF 
particles were added to an analogous sample. The mix-
tures were incubated at room temperature for 15 min 
under shaking and centrifuged for 10 min at 13400 rpm. 
Subsequently, 120 μL of the supernatant were transferred 
into HPLC sample vials. RP-HPLC analysis was carried 
out using a YMC Pack Pro C18 RS column (250 x 4.6 mm) 
connected to a VWR Hitachi Chromaster HPLC system 
(5160 pump module, 5260 auto sampler, 5310 column 
oven, 5430 diode array detector). 10 μL of the samples 
were injected and a gradient from 5 % acetonitrile (0.1 % 
TFA) to 100 % acetonitrile (0.1 % TFA) over 15 min was 
used for the analysis. Acridine containing compounds 
were detected photometrically at 360 nm. 

Zeta potential measurements of MOF nanoparticle 
functionalization. 3 nmol H6-Acr or A6-Acr were diluted 
in HBG (pH 7.4) buffer. In case of pro-apoptotic peptides 
and CytC 5 nmol were used. 100 μg MOF NPs (5 mg/mL, 
HBG pH 7.4) were added (final volume 30 μL) and sam-
ples were incubated at room temperature for 15 min with 
shaking. Shortly before the measurement in a folded ca-
pillary cell (DTS1070), samples were diluted to a final 
MOF concentration of 0.1 mg/mL. Zeta potential was 
measured by electrophoretic laser-light scattering using a 
Zetasizer Nano ZS (Malvern Instruments, Worcestershire, 
U.K.). Zeta potentials were calculated by the Smolu-
chowski equation, each sample was measured 3 times 
with 10 to 30 subruns at 25 °C. 

Quantitative determination of H0-, H3-, H6-Acr 
binding to MOF NPs. A solution containing a total 
amount of 130 nmol oligopeptide-based structure to be 
examined was prepared in HBG. The required amount of 
10 mg/mL MOF nanoparticles dispersed in HBG was add-
ed featuring a total volume of 1 mL. Right after the addi-
tion of the MOF nanoparticles, samples were briefly vor-
texed. After subsequent incubation (15 min, 25 °C, 
600 rpm) and centrifugation (5 min, 14000 rpm) 100 μL of 
supernatant were collected and photometrically meas-
ured at 360 nm against HBG as a blank. For each exam-
ined oligopeptide-based structure, a control of 130 nmol 
peptide without MOF in a total volume of 1 mL was also 
prepared and measured (n=3). To obtain the amount of 
bound peptide, the absorption of the supernatant - repre-
senting the amount of peptide that remained in solution 
and thereby unbound by the MOF - was subtracted from 
the average absorption of the MOF free control: A(bound) 
= A(control) – A(supernatant). Final binding values were 
calculated as follows, % (bound) = A(bound)/A(control) x 
100. The average of % bound determined by three inde-
pendent measurements ±SD was plotted. 

Investigation of binding stability of H6-tags to Zr-
fum and pH dependent release. In order to evaluate 
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the stable binding and extent of acidic release of His-tags 
and Zr-fum MOF NPs over a longer period, Zr-fum NPs in 
HBG were loaded with H6-A647N. 50 μL of the freshly 
prepared Zr-fum NPs were diluted in ~500 μL HBG pH 7.4 
(depending on the amount of HCl added to the sample in 
the next step), followed by addition of 4 μL 1 mM H6-
A647N. The HBG volume therefore slightly varied in or-
der to always allow for equal final sample volumes of 
500 μL. Samples were briefly vortexed and incubated 
under agitation for 15 min (25 °C, 600 rpm, light protec-
tion). Afterwards, samples were acidified to pH 3, pH 5 
and pH 7.4 by addition of 9.2 μL, 4.5 μL or 0 μL 1 M HCl 
respectively. After 0.5 h, 3 h and 24 h, the respective sam-
ples were centrifuged (5 min, 14000 rpm). The presence of 
free dye in the supernatant was determined photometri-
cally at 646  nm (n=3). Independent samples were used 
for each time point. 

Fluorescence Correlation Spectroscopy (FCS). The 
non-fluorescent MOF nanoparticles are not detectable by 
the FCS unless fluorescently labeled His-tags are attached 
to the NPs. Thus a shift to higher diffusion times of the 
correlation curve after addition of NPs to fluorescently 
labeled His-tags certifies the binding of His-tags to the 
NPs surface. Normalization of autocorrelation curves 
helps to clearly visualize that the autocorrelation function 
of the MOF/His-tag is shifted towards higher correlation 
times with respect to the free His-tag molecules. Dual-
color fluorescence Cross-Correlation Spectroscopy (FCCS) 
allows for a comparison between spectrally separated 
channels to extract codiffusion events that reflect interac-
tions between differently labeled molecules.70,71 For FCS 
and FCCS measurements, an Axiovert 200 microscope 
with a ConfoCor 2unit (Carl Zeiss, Jena, Germany) 
equipped with a 40x (NA 1.2) water immersion apochro-
mat objective (Carl Zeiss) was used. A helium neon laser 
(633 nm) and for FCCS additionally an argon laser 
(488 nm) was used for illumination. Samples were meas-
ured in eight-well LabTekchamber slides (Nunc, Roches-
ter, NY). If nothing else mentioned, measurements were 
performed in HBG pH 7.4 at a temperature of 22.5 °C. 
Correlation was performed using ConfoCor 2 software. A 
detailed description of the various experimental setups of 
FCS and FCCS measurements and the theory of FCS can 
be found in the Supporting Information. 

Cell culture. HeLa cells were grown in Dulbecco's 
Modified Eagle's Medium (DMEM) (1000 mg/mL glucose, 
L-glutamine and sodium bicarbonate) supplemented with 
10 % FBS, 100 U/mL penicillin, 100 μg/mL streptomycin at 
37 °C and 5 % CO2 in a humidified incubator. 

Cellular uptake experiments using flow cytometric 
analysis. Cells were seeded in 24-well plates (Corning 
Costar, Sigma-Aldrich, Germany) at a density of 20.000 
cells/well. After 24 h, medium was replaced with 400 μL 
fresh medium. 0.5 nmol H6-CF or H6-GFP were diluted in 
HBG (pH 7.4), 50 μg MOF NPs (5 mg/mL in HBG, pH 7.4) 
were added (final volume 50 μL) and the solution was 
strongly mixed. For the co-delivery of H6-GFP and H6-Tf*, 
0.25 nmol H6-GFP and 0.25 nmol H6-Tf* were pre-mixed 
in HBG (pH 7.4) before 50 µg Zr-fum MOF NPs (5 mg/mL 
in HBG, pH 7.4) were added (final volume 50 μL). The 

mixtures were incubated for 15 min at room temperature, 
diluted 1:2 with HBG (pH 7.4, final volume 100 µL) and 
added to the cells (100 µL MOF/His-tag solution per well). 
Controls were performed without the addition of MOF 
NPs. Cells were incubated for 24 h at 37 °C and 5 % CO2 in 
a humidified incubator. In case of HKUST-1 MOF NPs, 
medium was changed after 2 h and cells were incubated 
for further 22 h in fresh medium. Cells were washed with 
PBS (pH 7.4), detached with trypsin/ EDTA and diluted 
with fresh medium. Cells were centrifuged and resus-
pended in 500 µL PBS containing 10 % FBS at pH 4 to 
quench extracellular fluorescence. 500 ng/µL DAPI (4’,6-
diamidino-2-phenylindole) were added shortly before the 
measurement. The cellular fluorescence was assayed by 
excitation of DAPI at 405 nm and detection of emission at 
450 nm, fluorescein at 488 nm and detection of emission 
at 510 nm. For the co-delivery of H6-GFP and H6-Tf* the 
cellular fluorescence was also assayed by excitation of 
A647N at 635 nm and detection of emission at 665 nm. 
Cells were appropriately gated by forward/ sideward scat-
ter and pulse width for exclusion of doublets. DAPI was 
used to discriminate between viable and dead cells. Data 
were recorded by Cyan™ ADP flow cytometer (Dako, 
Hamburg, Germany) using Summit™ acquisition software 
(Summit, Jamesville, NY). Ten thousand gated cells per 
sample were collected. Analysis was done by FlowJo 7.6.5 
flow cytometric analysis software. All experiments were 
performed in triplicates. MFI was calculated by FlowJo 
7.6.5 flow cytometric analysis software and is depicted as 
normalization to HBG ± SD (n=3). 

Confocal laser scanning microscopy. Cells were 
seeded in 8-Well Nunc chamber slights (Thermo Scien-
tific, Germany) at a density of 12.000 cells/well. Wells 
were coated with collagen A prior to seeding. After 24 h 
medium was replaced with 240 μL fresh medium. The 
various samples were prepared in the same way as has 
been described above but in a final volume of 60 μL HBG. 
30 μg MOF NPs were functionalized with 0.3 nmol H6-CF 
or H6-GFP in 30 µL HBG (pH 7.4). In case of the co-
delivery experiment, 0.15 nmol H6-GFP were mixed with 
0.15 nmol H6-Tf* before the addition of 30 μg Zr-fum 
MOF NPs. After incubation of the mixtures for 15 min at 
room temperature, they were diluted 1:2 in HBG (pH 7.4, 
final volume 60 µL). The mixtures were added to the cells 
(60 µL MOF/His-tag solution per well) and incubated for 
24 h. Controls were performed without the addition of 
MOF NPs. In case of HKUST-1 MOF NPs, the medium was 
changed after 2 h and cells were incubated for further 
22 h in fresh medium. Prior to imaging nuclei were 
stained with Hoechst dye (500 ng/µL). Medium was re-
placed by DMEM without phenol red supplemented with 
10 % FBS, 100 U/mL penicillin, 100 μg/mL streptomycin 
and cells were imaged using a Leica TCS SP8 confocal 
microscope with an 63x DIC oil immersion objective 
(Plan-APOCHROMAT). For imaging of z-stacks, cells 
were fixated for 30 min, using 4 % (w/v) paraformalde-
hyde solution followed by 3 washes with PBS (pH 7.4). 
The nucleus was stained with DAPI (500 ng/μL), and 
Actin with rhoadmine-phalloidin (2 μL/mL) for 15 min at 
room temperature. Staining solution was replaced with 
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PBS (pH 7.4) and cells were stored at 4 °C. Images were 
recorded with a z-distance of 0.3 μm from basolateral 
(top) to apical (bottom) pole of a representative cell. Pic-
tures were taken at 405 nm (Hoechst dye or DAPI), 
488 nm (H6-GFP or H6-CF), 514 nm (rhodamine-
phalloidine), 633 nm (Atto647N). 

Endocytosis inhibitory assay. HeLa cells were seeded 
in 24-Well plates (Corning Costar, Sigma-Aldrich, Ger-
many) at a density of 50.000 cells/well. After 24 h, medi-
um was replaced with 400 μL fresh medium containing 
the different endocytosis inhibitors, chlorpromazine (final 
concentration 5 μM, 10 μM, 20 μM), amiloride (final con-
centration 1 mM, 2 mM, 5 mM) and genistein (final con-
centration 100 μM, 150 μM, 200 μM). Cells were pre-
incubated with the different inhibitors or at 4 °C for 
30 min before addition of the H6-GFP/Zr-fum MOF NPs. 
0.5 nmol H6-GFP were diluted in HBG (pH 7.4), 50 μg Zr-
fum MOF NPs (5 mg/mL in HBG, pH 7.4) were added 
(final volume 50 μL) and the solution was strongly mixed. 
The mixture was incubated for 15 min at room tempera-
ture, diluted 1:2 with HBG (pH 7.4, final volume 100 µL) 
and added to the cells (100 µL Zr-fum/H6-GFP solution 
per well). Cells were incubated for 2 h at 37 °C and 5 % 
CO2 or at 4 °C. Cells were washed with PBS (pH 7.4), de-
tached with trypsin/EDTA and diluted with fresh medi-
um. Cells were centrifuged and resuspended in 500 µL 
PBS containing 10 % FBS at pH 4 to quench extracellular 
fluorescence. 500 ng/µL DAPI (4’,6-diamidino-2-
phenylindole) were added shortly before the measure-
ment. The cellular fluorescence was assayed by excitation 
of DAPI at 405 nm and detection of emission at 450 nm 
and fluorescein at 488 nm and detection of emission at 
510 nm. Cells were appropriately gated by forward/ side-
ward scatter and pulse width for exclusion of doublets. 
DAPI was used to discriminate between viable and dead 
cells. Data were recorded by Cyan™ ADP flow cytometer 
(Dako, Hamburg, Germany) using Summit™ acquisition 
software (Summit, Jamesville, NY). Five thousand gated 
cells per sample were collected. Analysis was done by 
FlowJo 7.6.5 flow cytometric analysis software. Data is 
presented as % cellular uptake, of cellular uptake of Zr-
fum/H6-GFP NPs at 37 °C ±SD (n=3). 

Delivery of pro-apoptopic peptides and CytC. Cells 
were seeded in 96-Well plates (Corning Costar, Sigma-
Aldrich, Germany) at a density of 4.000 cells/well. After 
24 h, medium was replaced with 80 μL fresh medium. 
1 nmol of H6-Bak, H6-Bad, H6-KLK or H6-CytC was diluted 
in HBG (pH 7.4), 20 μg Zr-fum MOF NPs (5 mg/mL in 
HBG pH 7.4) were added followed by strongly mixing of 
the samples (final volume 10 µL). Controls were per-
formed without the addition of Zr-fum MOF NPs. The 
mixtures were incubate for 15 min at room temperature, 
diluted 1:2 with HBG (pH 7.4, final volume 20 μL), added 
to the cells (20 µL Zr-fum/His-tag solution per well)  and 
incubated for 48 h. Analysis of cytotoxicity was carried 
out by MTT assay, as is described in the following. 

Cell viability assay. Cells were seeded in 96-well plates 
(Corning Costar, Sigma-Aldrich, Germany) at a density of 
4000 cells/well. After 24 h medium was replaced with 
80 μL fresh medium. The appropriate amount of com-

pound to be tested was diluted in HBG (pH 7.4) and 20 μL 
of each sample/well were added. Cells were incubated for 
48 h at 37 °C and 5 % CO2 in a humified incubator. 10 μL 
of MTT (3-(4,5-dimethylthia-zol-2-yl)-2,5-
diphenyltetrazolium bromide) (5 mg/mL) were added to 
each well reaching a final concentration of 0.5 mg/mL. 
After an incubation time of 2 h, unreacted dye and medi-
um were removed and the 96-well plates were frozen at 
−80 °C for at least 30 min. To dissolve the purple forma-
zan product 100 μL DMSO were added per well and the 
plate was incubated for 30 min at 37 °C with shaking. The 
wells were quantified by measuring absorbance at 590 nm 
with background correction at 630 nm using a microplate 
reader (TecanSpectrafluor Plus, Tecan, Switzerland). All 
studies were performed in triplicates. The relative cell 
viability (%) related to control wells treated only with 20 
μL HBG (pH 7.4) was calculated as ([A] test/[A] control) × 
100 %. 

Statistical analysis.The statistical significance of ex-
periments were analyzed using the t-test, **** p≤0.0001,         
*** p≤0.001, ** p≤0.01, * p≤0.05. 
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Figure 1. Illustration of coordinative self-assembly of His-tagged molecules with MOF NPs: a) molecular 
composition of MOFs; b) coordinative bond between the imidazole group of histidines acting as Lewis base 

and coordinatively unsaturated metal sites (CUS) acting as Lewis acid; c) multi-functional MOF NPs 
generated by coordinative attachment of different functional units via self-assembly.  
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Figure 2. Acridine (Acr) peptide binding to MIL-88A (left), HKUST-1 (middle) and Zr-fum (right) particles in 
HEPES buffered glucose (HBG) at pH 7.4. a) Chemical structure and control chromatogram of model 

compounds H6-Acr, A6-Acr. b) Peptide binding (H6 vs. A6) by detection of reduced free peptides in the 

supernatant (RP-HPLC, λ=360 nm). c) Effect of peptide binding on zeta potential. d) Quantitative 
determination of bound peptides H0 (white), H3 (pattern), H6 (black) as difference to photometrically 
quantified free pep-tides in the supernatant (λ=360 nm) using a UV-photometer. Please note that the 

scaling of y-axes is accommodated to the different binding capacities: 0-120 nmol peptide in case of MIL-
88A and HKUST-1, 0-16 nmol peptide in case of Zr-fum.  
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Figure 3. pH dependent stability of H6-tag binding to Zr-fum NPs. a) Schematic illustration of acidic 
detachment due to histidine protonation. b) Experimental data obtained by photometric determination 

(λ=646 nm) of free H6-A647N in the supernatant after centrifugation. Left: Zr-fum NPs were loaded with 

H6-A647N at pH 7.4 for 15 min, centrifuged and the supernatant was analyzed; Ctrl illustrates absorbance 
of free peptide in a sample without MOF NPs. Right: MOF NP suspensions were acidified to a defined pH and 
incubated for indicated times before centrifugation and analysis of the supernatant. Reaction tubes below 

show the MOF pellets of the same samples after 24 h at pH 7.4 (left), pH 5 (middle), pH 3 (right) and 
centrifugation; decoloration of the pellet due to acidic H6-A647N detachment at pH 3 can be observed.  
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Figure 4. Investigation of Zr-fum/H6-A647N interaction by fluorescence correlation spectroscopy (FCS). 
Upper left: FCS time correlation functions of H6-A647N before (grey) and after Zr-fum NP addition (green). 
Lower left: Normalized time correlation functions of binding of H6-A647N at pH 7.4 (orange) and release 
upon acidification (green); free H6-A647N (grey). Upper right: Normalized time correlation functions of 

measurements in DMEM (10 % FBS) of free H6-A647N (grey) and Zr-fum/H6-A647N (orange). Lower right: 
fluorescence cross correlation spectroscopy (FCCS) measurements of H6-GFP (blue) and H6-Tf* (red) in 
HBG pH 7.4 before (dotted) and after (solid) Zr-fum addition. Cross correlation before (dotted grey) and 

after (solid grey) Zr-fum addition.  
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Figure 5. Cellular uptake of fluorescent peptide H6-CF mediated by Zr-fum NPs. H6-CF was incubated with 
Zr-fum MOF NPs for 15 min at room temperature in HBG for prefunctionalization by coordinative self-

assembly. The functionalized particles were incubated with HeLa cells for 24 h at a concentration of 0.1 
mg/mL Zr-fum corresponding to 1 µM H6-CF . Solutions containing H6-CF at same concentration but no Zr-

fum NPs served as control (Ctrl). a) Confocal laser scanning microscopy (CLSM, left) and flow cytometry 
(right) after incubation of HeLa cells with functional NPs Zr-fum/H6-CF (Zr-fum, CLSM upper row, flow 
cytometry solid black), H6-CF control without Zr-fum NPs (Ctrl, CLSM lower row, flow cytometry dotted 
black) or HBG (flow cytometry grey). Mean fluorescence intensity (MFI) was normalized to HBG and is 

depicted in the inset. CLSM left to right: green fluorescence of H6-CF, nuclear staining with Hoechst dye, 
brightfield image, overlay of all three channels. b) Enlarged CLSM image of a fixated HeLa cell after 

incubation with Zr-fum/H6-CF. Left to right: green fluorescence of H6-CF, nuclear staining with DAPI dye, 
actin staining with rhodamine-phalloidin, overlay of all three channels. Scale bar: 25 µm. Additional images 

can be found in the Supporting Information Figure S23 and S24.  
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Figure 6. Simultaneous cellular uptake of fluorescent proteins H6-GFP and H6-Tf* mediated by Zr-fum NPs. 
An equimolar mixture of H6-GFP and H6-Tf* was incubated with Zr-fum MOF NPs for 15 min at room 
temperature in HBG for prefunctionalization by coordinative self-assembly. The double functionalized 

particles were incubated with HeLa cells for 24 h at a concentration of 0.1 mg/mL Zr-fum corresponding to 
0.5 µM H6-GFP and H6-Tf*. Solutions containing H6-GFP and H6-Tf* at same concentration but no Zr-fum 
NPs served as control (Ctrl). a) Cellular uptake of Zr-fum/H6-GFP+H6-Tf* (upper row) or control without 

MOF NPs (lower row). CLSM left to right: green fluorescence of H6-GFP, red fluorescence of H6-Tf*, nuclear 
staining with Hoechst dye, brightfield picture, overlay of all four channels, yellow color indicates co-

localization of H6-GFP and H6-Tf*. Flow cytometry analysis: HBG (left) or H6-GFP +H6-Tf* (right) with Zr-
fum MOF NPs (upper row) or Ctrl without MOF NPs (lower row). b) Enlarged CLSM image of a fixated HeLa 

cell after incubation with Zr-fum/H6-GFP+H6-Tf*. Left to right: green fluorescence of H6-GFP, red 
fluorescence of H6-Tf*, nuclear staining with DAPI dye, actin staining with rhodamine-phalloidin, overlay of 
all four channels. Scale bar: 25 µm. Additional images can be found in the Supporting Information Figure 

S27 and S28 and a 3D reconstruction movie of a cell treated with Zr-fum/H6-GFP is provided as supporting 

material for download.  
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Figure 7. Evaluation of endocytosis inhibition of Zr-fum/H6-GFP nanoparticles. Pre-Incubation of HeLa cells 
with different inhibitors or at 4 °C for 30 min, followed by incubation with Zr-fum/H6-GFP for 2 h at 37 °C or 
4 °C. Flow cytometric analysis was carried out in PBS (pH 4.0) to quench the extracellular fluorescence. 

Cellular uptake was determined as MFI. Data are presented as % cellular uptake normalized to uptake of Zr-
fum/H6-GFP NPs at 37 °C ± SD (n=3).  
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Figure 8. Intracellular transport of pro-apoptotic factors by Zr-fum MOF NPs and induction of HeLa cell killing 
upon incubation for 48 h. Final concentration of H6-Bak, H6-Bad, H6-KLK, H6-CytC was 10 µM (0.2 mg Zr-

fum/10 nmol His-tag per mL medium). Data are presented as % metabolic activity of control cells ± SD 

(n=3) (MTT assay).  
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