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Porous nanoparticles that can store drug molecules have great potential in drug
delivery, the use of nanocarriers to transport therapeutic agents around the body.
Forgan and colleagues report on a method that controls the surface properties and
functionality of metal-organic framework nanoparticles to enhance their stability,
allow stimuli-responsive release of drug molecules, and enhance the anticancer
therapeutic effect of loaded drugs by changing the route of cell uptake. Further
development of these materials could enhance drug efficiencies and avoid
unwanted side effects.
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SUMMARY

The high storage capacities and excellent biocompatibilities of metal-organic
frameworks (MOFs) have made them emerging candidates as drug-delivery vec-
tors. Incorporation of surface functionality is a route to enhanced properties,
and here we report on a surface-modification procedure—click modulation—
that controls their size and surface chemistry. The zirconium terephthalate
MOF UiO-66 is (1) synthesized as ~200 nm nanoparticles coated with function-
alized modulators, (2) loaded with cargo, and (3) covalently surface modified
with poly(ethylene glycol) (PEG) chains through mild bioconjugate reactions.
At pH 7.4, the PEG chains endow the MOF with enhanced stability toward phos-
phates and overcome the "burst release” phenomenon by blocking interaction
with the exterior of the nanoparticles, whereas at pH 5.5, stimuli-responsive
drug release is achieved. The mode of cellular internalization is also tuned by
nanoparticle surface chemistry, such that PEGylated UiO-66 potentially escapes
lysosomal degradation through enhanced caveolae-mediated uptake. This
makes it a highly promising vector, as demonstrated for dichloroacetic-acid-
loaded materials, which exhibit enhanced cytotoxicity. The versatility of the
click modulation protocol will allow a wide range of MOFs to be easily surface
functionalized for a number of applications.

INTRODUCTION

Effective cancer therapy is one of the most challenging goals for the scientific com-
munity because of the lack of tumor selectivity of most therapeutics, which can lead
to toxic dose dependence, serious hepatic problems, and diverse side effects.'™
Thus, drug-delivery systems have become one of the most promising applications
for health care.*® A large number of strategies have been studied, but for applica-
tion, drug-delivery systems must overcome issues surrounding bioavailability,”®
the uncontrollable release of drugs (usually due to carrier instability),””'" loading
capacities,’'™"? particle size,"*" 141718
and toxicity.'”?° The exceptional storage capacities of metal-organic frameworks

nanoparticle cellular internalization routes,

(MOFs), together with their robustness and structural tailorability, have made
them attractive for a wide variety of applications,”'*? including several promising
breakthroughs in biomedicine.”'%?*=** One of their main advantages is that their
cytotoxicity and properties can be tuned by the thoughtful choice of metal and

linkers.20:34:35

Surface modifications of drug nanocarriers are of high importance because the
carrier stability, drug-release kinetics, and particle cellular internalization can be
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The Bigger Picture

Using artificial agents to deliver
drugs selectively to sites of
disease while protecting them
from metabolism and clearance
offers potential routes to new
treatments. Porous metal-organic
frameworks (MOFs) have
emerged as potential candidates
because they offer high storage
capacities and easy clearance
after delivery. We report on a
method that controls the size and
surface chemistry of MOFs and is
compatible with cargo loading,
showing that surface modification
with biocompatible poly(ethylene
glycol) chains improves stability
toward phosphate and allows pH-
responsive cargo release, which
could enhance selectivity because
cancerous cells are typically more
acidic than healthy ones. Modes
of cellular uptake are also altered,
which could account for the
enhanced cell death when
polymer-coated MOFs are loaded
with the anticancer drug
dichloroacetic acid. Surface
modification is mild and could be
applied across a range of MOFs,
opening up applications in
selective molecular separation,
blending into hybrids, and turn-on
catalysis.
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Figure 1. Click Modulation of UiO-66 MOFs
(A) Schematic of the “click modulation” protocol, where functionalized modulators are (i)

incorporated onto MOF surfaces during synthesis and (i) selectively chemically modified.
(B) The structure of UiO-66, which has been functionalized by click modulation.
(C) The ligand, bdc, and modulators (L1 and L2) applied in this study.

tuned.”"® Particle characteristics such as size, shape, and surface chemistry play
key roles in determining the cellular-uptake pathways.?~*% Although a consider-
able amount of work has been performed to modify the bulk structure and internal
pore spaces of MOFs,*"~*?
chemistry, usually through surface-selective postsynthetic modification protocols

only a few studies have addressed their external surface

designed for specific MOFs and surface substrates.”?****® For example, coatings
with different polymers have decreased immune system recognition and accumu-
lation in the liver for nanoparticulate MOFs (NMOFs) and have shown promising
in vitro and in vivo results in anticancer therapy.”?* In addition, they can be tar-
geted to cancer cells by the attachment of different targeting units to their surface
through postsynthetic modifications, avoiding non-specific distribution of the
drug. %5

The size and shape of NMOF particles can be tuned by the introduction of modula-
tors—monotopic capping agents such as benzoic acid—to their syntheses.”’'~>°
Coordination modulation offers the prospect of decorating the external surfaces
of NMOFs with desirable functionality during the synthetic process, but this remains
a challenge.”®*” Herein, we present a reproducible two-step method, which we have
termed “click modulation,” for the general surface modification of zirconium-based
NMOFs (Figure 1A). This method introduces functionalized modulators to the
NMOFs’ external surfaces during the synthetic process to control particle size
and subsequently transforms them in further postsynthetic modifications by using
high-yielding “click” chemistry compatible with cargo-loaded NMOFs.

Incorporation of polymers onto the external surfaces of NMOFs has been suggested
as a route to enhanced stability and effective application in drug delivery.>® We have
therefore used our click modulation protocol to covalently attach poly(ethylene
glycol) (PEG) chains to the NMOFs' surfaces to improve their stability and drug-
release kinetics and also facilitate pH-responsive release of cargo. The effect of

562 Chem 2, 561-578, April 13, 2017

Cell

"WestCHEM School of Chemistry, University of
Glasgow, Joseph Black Building, University
Avenue, Glasgow G12 8QQ, UK

2Adsorption & Advanced Materials Laboratory,
Department of Chemical Engineering &
Biotechnology, University of Cambridge,
Pembroke Street, Cambridge CB2 3RA, UK

3Lead Contact

*Correspondence: df334@cam.ac.uk (D.F.),
ross.forgan@glasgow.ac.uk (R.S.F.)

http://dx.doi.org/10.1016/j.chempr.2017.02.005


mailto:df334@cam.ac.uk
mailto:ross.forgan@glasgow.ac.uk
http://dx.doi.org/10.1016/j.chempr.2017.02.005

Chem

postsynthetic surface modification on cancer cell endocytosis pathways was also
studied,**? revealing that cellular internalization routes of NMOFs can be medi-
ated by their surface chemistry.

RESULTS AND DISCUSSION

The zirconium MOF UiO-66 (UiO stands for Universitetet i Oslo; Figure 1B)*7 is
biocompatible and has a half maximal inhibitory concentration (ICso) of 1.50 +
0.15 mg/mL against the Hela cell line after 24 hr of exposure.® Its idealized struc-
ture, ZrgO4(OH)4(bdc)s, where bdc stands for 1,4-benzenedicarboxylate, has
been well characterized and possesses a remarkable thermal and chemical sta-
bility in comparison with that of other MOFs.?”°"*? UiO-66 is also known to

6355 and so was

incorporate synthetic modulators at surface and defect sites
chosen for study. p-Azidomethylbenzoic acid (L1) and p-propargyloxybenzoic
acid (L2) were selected as click modulators (Figure 1C) for UiO-66 synthesis
because of their structural similarities to the bdc linker and the fact that, if attached
to the Zry clusters, the desired functionalities should point outward,*® resulting in
accessible reactive groups as platforms for further postsynthetic modifications on

its surface.

Synthesis and Characterization of UiO-66-L1 and UiO-66-L2

UiO-66 nanoparticles were synthesized under solvothermal conditions (Supple-
mental Information, Section S2) by the addition of 1, 3, or 5 equiv of the desired
modulator (L1 or L2) and acetic acid (AcOH) as the co-modulator. Full characteriza-
tion (Supplemental Information, Section S3) showed that the particles were highly
crystalline, as confirmed by powder X-ray diffraction (PXRD) (Figure S1), and nuclear
magnetic resonance (NMR) spectroscopy of acid-digested samples showed that
modulator incorporation increased with the number of equivalents of modulator
added to the reaction mixture (Figures S2 and S3); the estimated maximum content
was 13.3 mol % of L1 (5 equiv added) in comparison with bdc and 17.1 mol % of L2
(5 equiv added). Infrared (IR) spectroscopy revealed an increase in the intensity of the
azide vibration band at 2,100 cm ™" as the number of equivalents of L1 in UiO-66-L1
syntheses increased, whereas vibration bands characteristic of C=C triple bonds
were observed for UiO-66-L2 (Figure S4). Because of these encouraging results,
all subsequent syntheses utilized 5 equiv of the corresponding modulator and 7%
v/v of AcOH, and these samples are designated UiO-66-L1 and UiO-66-L2. A
comparison sample, UiO-66-AcOH, was prepared in a synthesis modulated only
by 7% v/v AcOH.

Quantifying modulator incorporation by thermogravimetric analysis (TGA) is diffi-
cult; compared with UiO-66-AcOH, modulated samples did not lose extra mass,
indicating that the modulators, which are chemically similar to the bdc linkers and
whose presence was confirmed by 'H NMR spectroscopy, decompose at similar
temperature (Figure S8). This suggests that L1 and L2 are attached to the external
surface and at defect sites of the MOF and not simply loaded in the pores. UiO-66
has been reported to be highly porous; if defect free, its Brunauer-Emmet-Teller
(BET) surface area is around 1,200 m? 9_1, and its pore volume is 0.5 cm? 9_1.59
To characterize the porosity of UiO-66-L1 and UiO-66-L2, we collected N, adsorp-
tion isotherms at 77 K (Figure S9). The modulated samples exhibited higher surface
areas (Sger = 1,565 m? g~ for UiO-66-L1 and 1,420 m? g~ for Ui0-66-L2),
again suggesting that modulator incorporation induces defects rather than simply
occupying and blocking pores,®” and the pore-size distributions of the modulated
samples were similar to those reported for UiO-66 (8 and 11 A7
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Figure 2. Proof-of-Concept Surface Modification of UiO-66 with Alkanes

(A) Schematic of the click modulation protocol in the preparation of UiO-66-L1-dodecane.

(B) Stacked IR spectra showing the disappearance of the azide stretch and appearance of C-H
signals after the CUAAC surface reaction has taken place on UiO-66-L1.

(C) Stacked PXRD profiles of UiO-66-L1 and UiO-66-L2 before and after alkylation.

(D) N3 adsorption isotherms (77 K) of the MOFs show a decrease in gravimetric uptake as additional
mass is incorporated onto their surfaces. Closed symbols represent adsorption, and empty symbols
represent desorption.

Proof-of-Concept Surface Functionalization

After confirming that the functionalized modulators were incorporated into the MOF
structure, we attempted postsynthetic modification by copper(l)-catalyzed azide-
alkyne cycloaddition (CUAAC)®® (Supplemental Information, Section S4). Various
catalysts were tested, including Cul and a mixture of CuSO,4 and sodium ascorbate,
resulting in loss of the sample crystallinity each time. An efficient and economic
approach, using Cul and 2 equiv of both acetic acid and N, N-diisopropylethylamine
as an in situ stabilizing ligand for Cu(l),®” was tolerated by the MOF structure, as
confirmed by PXRD (Figure S10), and allowed further functionalization of the
NMOFs.

Proof-of-concept reactions using this catalyst were carried out between UiO-66-L1
and 1-dodecyne (Figure 2A), as well as between UiO-66-L2 and 1-azidodecane.
"H NMR spectra of acid-digested samples of UiO-66-L1-dodecane and UiO-66-L2-
decane suggested significant conversions of the modulators into the respective
triazole products; although the low modulator content makes analysis difficult,
additional aromatic signals are present alongside peaks for the alkyl groups. Full
conversion would not be expected, given that some modulators will be located at
inaccessible internal defect sites rather than on the particle surface.

Fourier transform IR (FT-IR) spectra also showed the disappearance of signals

for modulator azide and alkyne groups and the appearance of triazole bands and
surface functionality, which compared well with spectra of authentic samples of
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“clicked” modulators prepared separately in solution-phase reactions (Figure 2B),
whereas high-resolution electrospray ionization mass spectrometry (HR-ESI-MS)
of acid digests of the modified MOFs confirmed the presence of the triazole prod-
ucts. The crystallinity, as measured by PXRD (Figure 2C), and porosity (Figure 2D)
of the samples after functionalization with alkyl chains were both maintained, such
that surface areas were slightly lower (1,168 m? g~ for UiO-66-L1-dodecane and
1,262 m? g ! for UiO-66-L2-decane) that those of their precursors, UiO-66-L1
(1,565 m? g’1) and Ui0O-66-L2 (1,420 m? g’1). Surface functionalization with alkyl
chains increases the mass of the particles, and so a decrease in gravimetric surface
area is expected.®® These decreases correlate well with the new mass-loss features
observed in TGA profiles of UiO-66-L1-dodecane and UiO-66-L2-decane (10.1%
and 10.0% w/w, respectively), which correspond to decomposition of the surface
alkyl chains of the functionalized materials (Figures S12 and S13).

Scanning electron microscopy (SEM) showed that UiO-66-L1 forms well-defined
nanoparticles around 100-200 nm in size (Figure S6) in a manner similar to a recently
reported modulated synthesis of a related zirconium fumarate MOF.”/? In contrast,
UiO-66-L2 has a larger particle size, around 400-600 nm (Figure S7), suggesting that
click modulation can be used to control nanoparticle size as well as surface chemis-
try. Because the UiO-66-L1 nanoparticles have the appropriate size for drug-delivery
applications,'® we decided to continue our research toward surface functionalization
of UiO-66-L1 for drug delivery. Specifically, PEG chains were chosen because they
present an amphiphilic behavior that resembles that of human cellular mem-

1

branes,”" whereby the flexible and rapidly changing structure of the PEG hinders

the immune system in the modeling of antibodies around it.”?

The monomethyl ethers of PEG550 (average M, = 550) and PEG2000 (average
M, = 2,000) were alkylated with propargyl units and used for conjugation with the
azide-functionalized UiO-66-L1 under the previously determined Cu(l)-catalyzed
conditions (Supplemental Information, Section $4). Full "H NMR spectroscopic anal-
ysis of the acid-digested products, UiO-66-L1-PEG550 and UiO-66-L1-PEG2000,
is difficult because of the intensity of the polymer signals. However, a control
experiment—stirring PEG2000-propargyl or PEGS550-propargyl with UiO-66-L1
but without catalyst—revealed that, without Cu(l) catalyst, no polymer was present
in the sample at all, confirming that covalent linkage is required for the PEG to
remain attached to the MOF.

TGA profiles of UiO-66-L1-PEG550 and UiO-66-L1-PEG2000 (Figure 3A) showed ex-
tra mass losses (21.7% and 23.1% w/w, respectively) at temperatures corresponding
to those reported for PEG in the literature,”® whereas no extra mass losses were
found in the control samples. HR-ESI-MS of digested UiO-66-L1-PEG550 (Figure 3B)
confirmed that the click reaction between UiO-66-L1 and PEG550-propargy! had
taken place, and although derivatives of the larger PEG2000 species did not ionize
under the available conditions, functional-group conversion was observed by IR
spectroscopy (Figure S16).

PXRD confirmed that the PEGylated NMOFs retained their crystallinity (Figure S17),
and a decrease in their N, uptake was observed; the incorporated mass of the PEG
chains led to BET surface areas of 865 m? g~ for UiO-66-L1-PEG550 and 521 m? g~
for UiO-66-L1-PEG2000 (Figure 3C). The pore-size distribution of UiO-66-L1-
PEG550 corresponds with that reported for UiO-66, but in the case of UiO-66-L1-
PEG2000, the adsorption and desorption isotherms reveal a type |V isotherm, typical
of mesoporous materials, but with no closure point. In the case of nitrogen
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Figure 3. Surface Modification of UiO-66 with Poly(ethylene glycol)

(A) TGA profiles of UiO-66-L1-PEG550 and UiO-66-L1-PEG2000 are compared with those of control samples of UiO-66-L1 that had been exposed to
propargyl-functionalized PEGs without any Cu(l) catalyst.

(B) HR-ESI-MS of digested UiO-66-L1-PEG550 confirms that the CUAAC reaction took place between the MOF and the PEG chain.

(C) N3 uptake isotherms (77 K) of the PEGylated MOFs. Closed symbols represent adsorption, and empty symbols represent desorption.

(D) SEM images of UiO-66-L1 particles with differing surface functionality show the morphological changes as larger surface units are incorporated by
click modulation. The scale bar (200 nm) applies to all images.

adsorption at 77 K, the lower closure point is usually located around p/pg ~ 0.42, and
any hysteresis recorded below this point has been attributed to irreversible changes
such as swelling of the adsorbent or surface impurities.”* A similar phenomenon was
found by Wang et al.** on UiO-66 functionalization with the phospholipid dihydrox-
yphenylalanine (DOPA), although to a lesser degree. The fact that PEG2000 chains
are considerably bigger in size than DOPA could explain why it is more pronounced
in this case.

Interestingly, the physical effects on nanoparticle morphology can be observed by
SEM imaging (Figure 3D). As the chain length of the surface functionality increases,
the particles become more rounded in shape with less-defined edges and vertices,
because their surface features become dominated by the bulk of their capping
polymers rather than the underlying MOF crystal structure. Image analysis (Figures
518-520) also showed a gradual increase in particle size from 146.6 + 29.3 nm for
UiO-66-L1 to 160.2 + 26.9 nm for UiO-66-L1-PEG550 and 172.9 + 36.8 nm for
UiO-66-L1-PEG2000, consistent with the addition of surface polymer chains of
increasing size.

Solution stability and aggregation were investigated by dynamic light scattering
(DLS). Measurements in methanol (0.25 mg/mL; Figure S21) showed stable disper-
sions of PEGylated particles at sizes around 150 nm, correlating well with the
SEM data’” and confirming that no aggregation takes place; in contrast, the unfunc-
tionalized materials UiO-66-AcOH (~800 nm) and UiO-66-L1 (~300 nm) showed
aggregation. The power of the surface functionalization protocol was further
demonstrated by DLS measurements in aqueous media (Figures S22 and S23).
UiO-66-L1 was observed to sediment and precipitate from 0.25 mg/mL aqueous
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dispersions over time, with aggregates around 2,000-3,000 nm. UiO-66-L1-PEG550
aggregated to a lesser extent, with stable assemblies around 1,000-1,500 nm, but
the larger PEG chains of UiO-66-L1-PEG2000 conferred further dispersive stability,
such that assemblies around 250 nm were observed to aggregate to around
400 nm during the experiments. The dependence of aggregation on PEG chain
size clearly demonstrates the stabilizing effects of surface modification and the
advantages of MOF PEGylation for drug delivery.

In addition, the cytotoxicities of UiO-66-L1-PEG550 and UiO-66-L1-PEG2000, as
well as modulators L1 and L2, were assessed by the bioreduction of a tetrazolium
compound (MTS), known as the MTS assay (Figures S24 and S25). None of the ma-
terials showed any toxicity toward Hela cells at concentrations up to 1 mg/mL.

The successful covalent surface modification of UiO-66 with both alkyl and PEG
chains confirms the versatility and general applicability of the click modulation pro-
cess. PEG chains have previously been incorporated onto silica-coated UiO-66(Hf),
and although this approach facilitated in vivo imaging by computed tomography,”®
it might not be suitable for drug delivery because the silica coating can block access
to the pores of the MOF and could affect clearance.

Degradation Kinetics of PEGylated and Uncoated UiO-66-L1

To be an efficient injectable treatment, the nanocarrier should be stable at the first
stages of the treatment; ideally, it should not be degraded in extracellular conditions
(i.e., blood [pH 7.4]) in order to avoid renal clearance of the drug yet not be persis-
tent enough to be accumulated over longer treatment periods. The nature of the
metal-linker coordination bonds in MOFs ensures total degradation of the structure
at sufficiently acidic pH ranges as a result of linker protonation,’® but strongly coor-
dinating molecules, such as phosphates, are also able to displace the linkers in the
structure at extracellular pH.”* Although the rapid degradation of MOFs under
physiological conditions ensures no accumulation of the carrier after it has reached
its target and released the drug,'%’’ their instability toward phosphates, which are
present in the blood, typically hinders NMOF bioapplications because of
fast-release kinetics,”’ and several approaches, such as amorphisation®® or silica

29,39,75,78

coating, among others, have been studied for improving their stability to

phosphate.

The stabilities of UiO-66-L1, UiO-66-L1-PEGS550, and UiO-66-L1-PEG2000 were
determined in phosphate buffered saline (PBS) at pH 7.4 (Supplemental Information,
Section S5) via measurement of the release of bdc linkers by UV-Vis spectroscopy
(Figure 4A). L1 was found to have a UV-Vis absorbance profile and extinction coef-
ficient similar to those of bdc and so does not significantly affect the measurements.
UiO-66-L1 exhibited an exponential degradation profile reaching a plateau around
85% bdc release after 6 hr of exposure. On the other hand, PEGylated samples ex-
hibited sigmoidal degradation profiles. We observed that the PEG-modified
NMOFs degraded at much slower rates during the first 2 hr, after which they reached
plateaus similar to those of the uncoated samples at the end of the experiment (Fig-
ures S26-S30).

PXRD analysis (Figure 4B) also showed that crystallinity is retained for longer when
the samples have been PEGylated, particularly in the first few hours. We expect
that the surface corona of covalently attached PEG chains hinders phosphate attack
of the Zr4 clusters of the UiO-66 samples, given that the phosphate groups must first
diffuse through the PEG coating to reach the zirconium positions, displace the
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Figure 4. Enhanced Stability of PEGylated UiO-66

(A) Degradation profiles of UiO-66-L1, UiO-66-L1-PEG550, and UiO-66-L1-PEG2000 in PBS (pH 7.4).
Error bars denote standard deviations from triplicate experiments.

(B) PXRD profiles of the MOFs after immersion in PBS for differing times show the improved stability
of the PEGylated MOFs.

modulators and linkers, and coordinate to the zirconium ions similarly to the un-
coated NMOF. This enhanced stability means that the burst effect, due to carrier

degradation,”’

could be avoided at the first stages of the treatment, improving
the treatment efficiency and reducing undesirable side effects while ensuring that
the framework can degrade, release cargo, and be cleared over larger periods of

exposure.

Synthesis, Functionalization, and Characterization of Calcein-Containing
NMOFs

In order to determine the effect of the PEGylation upon drug-release kinetics and
cell internalization routes, we chose calcein as a model drug because of its structural
similarities to doxorubicin.”? Calcein is hydrophilic and does not permeate the cell
membrane; rather, it requires a drug-delivery vehicle to facilitate its entry into cells.
In addition, like doxorubicin, it is a fluorescent molecule, and because of its self-
quenching character it can be detected only when it is released from the delivery
vector, allowing the measurement of cytoplasmic fluorescence by confocal micro-
scopy or flow cytometry.?® The versatility of the click modulation technique is further
demonstrated by its compatibility with cargo loading (Supplemental Information,
Section Sé). Simply stirring azide-modified UiO-66-L1 in a concentrated methanolic
calcein solution resulted in higher incorporation of calcein (16.0% w/w as deter-
mined by UV-Vis spectroscopy) than previously reported in the literature for UiO-
1.°© We named the
calcein-loaded sample cal@UiO-66-L1. The functionalized modulator L1 remained
attached to the MOF framework after calcein uptake, as determined by "H NMR
spectra of the digested samples, and the azide functionality was used once again
to incorporate PEG chains of different lengths according to the CuAAC protocol.

66, most likely as a result of the increased porosity of UiO-66-L

Crystallinity was preserved after calcein loading (Figure S32) and PEGylation, and
their size, analyzed by SEM, was found not to change (Figure S33). Calcein content
was analyzed by UV-Vis spectroscopy and found to be 13.3% w/w for cal@UiO-66-
L1-PEG550 and 10.3% w/w for cal@UiO-66-L1-PEG2000 (Figure S34). This confirms
that click modulation is compatible with cargo loading, and the decreasing
loading values are commensurate with the increasing mass of the particles after
PEGylation.

Confirmation of calcein loading by TGA analysis was complicated by the absence
of the first calcein thermal decomposition step in the loaded MOF samples
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Figure 5. pH-Responsive Release of Calcein from PEGylated UiO-66

(A) Calcein-release profiles from UiO-66-L1, UiO-66-L1-PEG550, and UiO-66-L1-PEG2000 in PBS
(pH 7.4 and 5.5).

(B) pH-responsive release of calcein from the PEGylated MOFs. Inset: chemical structure of calcein.
Error bars denote standard deviations from triplicate experiments.

(Figure S35), indicating that calcein is attached to the external surface and at defect
sites. Calcein decomposition occurred over a temperature range similar to that
observed previously for PEG groups, making exact quantification troublesome
but confirming the presence of the surface PEG functionality in cal@UiO-66-
L1-PEG550 and cal@UiO-66-L1-PEG2000 (Figure S36). N, adsorption isotherms
(77 K) confirmed that cal@UiO-66-L1 exhibited a decrease in surface area (Sget =
1,002 m? g’1) but maintained the pore-size distribution characteristic of UiO-66,
again suggesting that calcein is not significantly blocking the pores but attaching
to the particle surface and localizing at defects (Figure S37). The porosity of both
PEGylated calcein-loaded samples (Sger = 826 m? g’1 for cal@UiO-66-L1-PEG550
and Sger = 683 m? g~ for cal@Ui0-66-L1-PEG2000) decreased similarly to that of
the empty PEGylated UiO-66-L1 samples, confirming PEG surface attachment can
occur without displacing molecular cargo.

pH-Dependent Calcein-Release Profiles

The effect of surface modification on calcein release was monitored in PBS
at pH 7.4 and 5.5 according to a UV-Vis spectrophotometric analysis protocol
similar to the degradation experiments (Supplemental Information, Section S7).
Monitoring release at different pH values is very important given that extracellular
pH is ~7.4, intracellular pH is ~6.8, and the pH of cancer cells is close to 5.5,°
providing a potential mechanism for targeted drug delivery. The release of
calcein from both coated and uncoated samples was affected by the pH (Figure 5A);
however, the release at pH 7.4 was drastically decreased for the PEGylated
samples. Both cal@UiO-66-L1-PEG550 and cal@UiO-66-L1-PEG2000 initially
released calcein slowly at pH 7.4 and did not release more than ~30% of their total
cargo after 5 days. In contrast, they rapidly released ~80% of cargo within an
hour at pH 5.5 and released nearly the full amount in pH 5.5 after 2 days (Figures
S38-S50).

If this behavior can be retained in vivo, PEGylated UiO-66 samples could be ex-
pected to store the majority of cargo in extracellular conditions and thus avoid the
non-selective distribution of therapeutics while being able to release it once it has
reached its target. The stimuli-responsive release of calcein from the PEGylated
MOFs was therefore assessed by a similar experiment, where the pH of the PBS so-
lution was adjusted from 7.4 to 5.5 after 5 days (Figure 5B). An immediate, rapid
release of calcein was observed, whereby slightly less calcein was released from
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UiO-66-L1-PEG2000 than from the analog with the shorter chain. Nonetheless, this
result is highly promising for drug-delivery applications should the particles be
efficiently internalized by cells.

To gain further insight into the mechanism of release, we subjected samples of the
MOFs to simulated release conditions at pH 7.4: cal@UiO-66-L1 after 1 day and
cal@UiO-66-L1-PEG2000 after 2 days (Supplemental Information, Section S8).
The amount of calcein released from both individual experiments determined by
UV-Vis spectroscopy (67.5% from cal@UiO-66-L1 and 42.7% from cal@UiO-66-L1-
PEG2000) is in concordance with the release profiles. Both samples showed a
decrease in crystallinity by PXRD after calcein release, although the characteristic
UiO-66 reflection peaks could be determined (Figure S51), meaning that the core
of the materials remained crystalline. TGA showed the disappearance of the PEG
moiety from cal@UiO-66-L1-PEG2000 and an increase on the metal residue for
both samples (Figure S52), suggesting some degradation. Both samples remained
porous (Figure S53); the surface area of cal@UiO-66-L1 (Sger = 1,155 m? g™
increased from the release of significant amounts of calcein mass, and the surface
area of cal@UiO-66-L1-PEG2000 (Sger = 554 m? g~') decreased slightly, possibly
because of pore blocking or the incorporation of additional mass, such as
phosphates.

We hypothesize that, at pH 7.4, the phosphates present in PBS attack the zirconium
positions” and displace the surface ligands and the calcein. When UiO-66 is not
PEGylated, the MOF is much more accessible (both internally and externally) and
therefore so are the zirconium clusters, enabling a faster exchange between phos-
phates and ligands, modulators, and calcein. On the other hand, for surface-modi-
fied cal@UiO-66-L1-PEG2000, the phosphates must diffuse through the PEG
coating before reaching the MOF. We hypothesize that a corona of coordinating
phosphates is then formed, obstructing the MOF and hindering further phosphate
attack to release remaining calcein molecules. Indeed, FT-IR spectra of cal@UiO-
66-L1-PEG2000 after 1 day in PBS at pH 7.4 showed more significant signals for
phosphates than for cal@UiO-66-L1 under the same conditions (Figure S54),
suggesting that the PEG coating induces a corona build-up and that unmodified
UiO-66 simply undergoes surface exchange (Supplemental Information, Section
S8). When the pH is more acidic, the carboxylate units of bdc ligands, surface func-
tionality, and calcein are easier to protonate, and therefore MOF degradation and
calcein release are much more pronounced.’®

Endocytosis Studies

Confocal fluorescence microscopy has been used to confirm successful internaliza-
tion of the MOF nanoparticles by Hela cells and subsequent calcein release (Supple-
mental Information, Section S9). Figure 6 shows the confocal microscopy images
of Hela cells incubated with, from top to bottom, nothing (control), free calcein,
cal@UiO-66-L1, cal@UiO-66-L1-PEG550, and cal@UiO-66-L1-PEG2000. We used
Hoechst 33342 (H33342) and CellMask to stain the nucleus and membrane of the
cells, respectively. We used CellMask as a viability control to probe the cell mem-
brane integrity and show that the MOFs were inside the cells. The effectiveness of
calcein as a probe is demonstrated by the fact that free calcein was not taken up

by cells, in concert with previous reports,®%##2

so any green fluorescence within
cells comes from released calcein from internalized MOF materials. UiO-66-L1,
UiO-66-L1-PEG550, and UiO-66-L1-PEG2000 all transported calcein into Hela cells,
as seen by the green fluorescence, whereas the control cells and those incubated

with free calcein showed no signal.
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Figure 6. Confocal Microscopy Images of HelLa Cells Incubated with Different Materials

From top to bottom: control, free calcein, cal@UiO-66-L1, cal@UiO-66-L1-PEG550, and cal@UiO-
66-L1-PEG2000. Cells were subsequently stained with Hoechst 33342 (5 ng/mL) and CellMask
orange (1x). Scale bars represent 25 pum in all images except for cal@UiO-66-L1, in which it
represents 10 um.

The transport of calcein into NMOFs allows the study of endocytosis pathways by
fluorescence-activated cell sorting (FACS). There are three main classes of endocy-
tosis pathways: (1) clathrin-mediated, (2) caveolae-mediated, and (3) clathrin- and
caveolae-independent endocytosis such as macropinocytosis.*® %% Clathrin-medi-
ated endocytosis involves recognition of the cargo by cell-surface receptors, which
internalize it into protein (clathrin)-coated vesicles 60-200 nm in size, called early en-
dosomes.?® These early endosomes then mature into late endosomes and finally
fuse with lysosomes, causing degradation of the drug-delivery system along with
its loaded cargo, thus nullifying its therapeutic effect.? On the other hand, caveo-
lae-mediated endocytosis is associated with the formation of lipid-raft-enriched
flask-shaped invaginations (50-100 nm) coated with a protein called caveolin.®® Par-
ticles internalized via caveolae-mediated endocytosis can later be delivered to
different locations in a cell, including a pH-neutral compartment called the caveo-
some, and then transported to a final intracellular location, potentially avoiding lyso-

somal degradation.®:%®
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Figure 7. Effects of Pharmacological Endocytosis Inhibitors on the Uptake of cal@UiO-66-L1,
cal@UiO-66-L1-PEG550, and cal@UiO-66-L1-PEG2000 into Hela Cells, as Measured by FACS
The statistical significance was determined by ordinary one-way ANOVA and is indicated on the
graph: ***p < 0.001 and ****p < 0.0001.

To study the internalization routes of the PEGylated and unPEGylated NMOFs,
we used different pharmacologic inhibitors according to our previous work (Sup-
plemental Information, Section 59).%% First, we used sucrose®” and chlorproma-
zine”® to independently inhibit the clathrin-mediated pathway. Second, we used
nystatin to inhibit the caveolae-mediated pathway.”’ Finally, we employed rot-

tlerin?%7°

to prevent macropinocytosis. Tracers known to selectively follow each
pathway were used as positive controls for the inhibitors: transferrin and ceramide
for clathrin- and caveolae-mediated pathways, respectively, and dextran for mac-
ropinocytosis. Cells were incubated with each inhibitor for 30 min and then for
90 min together with the NMOF (Supplemental Information, Section S9). Because
nanoparticle size is known to affect cell internalization routes,?® for example, the
recent report of enhanced uptake of 90 nm nanoparticles of a Zr-porphyrin MOF
into Hela cells,”* we performed all experiments on one base batch of UiO-66-
L1, surface modified and loaded as necessary, to ensure that particle size was rela-

tively homogeneous.

Figure 7 shows the normalized internal fluorescence, obtained through FACS,
of Hela cells after the uptake of cal@UiO-66-L1, cal@UiO-66-L1-PEG550, and ca-
|@UiO-66-L1-PEG2000 in the presence and absence of the pharmacologic endocy-
tosis inhibitors. The uptake of all three particles at 4°C was significantly reduced,
which confirms that they are internalized via an energy-dependent endocytosis pro-
cess. The uptake of cal@UiO-66-L1 after exposure to sucrose and chlorpromazine
was reduced to ~27% + 1% and 37% =+ 5%, respectively, whereas exposure to
nystatin had no effect (~107% + 7%), revealing that the unfunctionalized MOF is
not internalized through the caveolae-mediated route. Rottlerin decreased its
uptake to ~79% =+ 6%. For cal@UiO-66-L1-PEG550, the uptake after exposure to su-
crose and chlorpromazine decreased to ~36% + 2% and 26% + 2%, respectively,
whereas there was no reduction in uptake upon exposure to nystatin (~106% + 3%).
Rottlerin slightly decreased the uptake to ~89% + 4%. These values are similar to
those for cal@UiO-66-L1, suggesting that the PEG550 coating did not affect the
route of endocytosis.
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Finally, for cal@UiO-66-L1-PEG2000, exposing the cells to sucrose and chlorproma-
zine decreased the uptake to ~28% + 2% and 27% + 2%, respectively. Interest-
ingly, significant changes were found, whereby nystatin and rottlerin reduced the
uptake to ~51% + 2% and 45% + 4%, respectively, showing that the PEGylated
MOF is partially internalized through caveolae-mediated endocytosis. This indicates
that the UiO-66 internalization pathway is significantly affected by the functionality
attached to its surface, and the longer PEG chains (M,, ~ 2,000) allow the NMOFs
to partially avoid lysosomal degradation. The amphiphilic nature of cal@UiO-66-
L1-PEG2000, in contrast to the hydrophilic surface of the uncoated sample, is
thought to be more compatible with the caveolae-mediated route. In addition,
part of the cellular trafficking of all three MOFs occurs through macropinocytosis
because the uptake is affected by the presence of rottlerin. However, this is a
non-selective process allowing the internalization of large quantities of material
independently of its constitution.”® Macropinocytosis could be a consequence of
aggregation of nanoparticles if the effects observed by DLS also occur in this
more dilute environment, although it has not been observed as a significant pathway
for the other NMOF samples, which exhibit greater aggregation than UiO-66-L1-
PEG2000.

We used laser confocal microscopy with LysoTracker-Deep red to qualitatively
determine the degree of co-localization between the calcein-loaded NMOF
particles (green) and the lysosomes (Figure S56). After 2 hr of incubation, a high
level of co-localization was found for all three MOFs, given that FACS confirmed
that clathrin-mediated uptake took place in all NMOFs. However, in the case of
cal@UiO-66-L1-PEG2000, a higher degree of localized light-green particles outside
the lysosomes was also observed, suggesting altered uptake mechanisms.

Therapeutic Efficacy of Drug-Loaded NMOFs

To investigate the effect of this alternative uptake mechanism and particle stability
on the therapeutic efficacy of the PEGylated NMOFs, we selected dichloroacetic
acid (DCA) for delivery because it is an anticancer drug that is cytotoxic only once
itis internalized by cells.”® DCA turns on the apoptosis systems of cancer cells, which
is otherwise suppressed, thus allowing them to die.”’*?® However, its hydrophilicity
means it is rapidly cleared with a half-life from the first dose of less than 1 hr, and it
can induce neurotoxicity by crossing the blood-brain barrier,”” so DCA is well suited
for use in a nanocarrier system.

DCA was added (Supplemental Information, Section $10) to hydrothermal syntheses
in place of acetic acid to yield DCA@UiO-66-L1. The presence of both DCA and L1
was confirmed by '"H NMR spectroscopy (Figure S57), and the 150 nm particles
observed by SEM were found to be crystalline by PXRD (Figure S58). The material
was PEGylated under the CUAAC conditions used previously to yield DCA@UiO-
66-L1-PEG2000. TGA confirmed the presence of the PEG chain and allowed an esti-
mation of DCA loading; these values were confirmed by inductively coupled plasma
mass spectrometry for measuring the chlorine content, giving DCA loadings of
13.7% w/w for DCA@QUIO-66-L1 and 12.1% w/w for DCA@UiO-66-L1-PEG2000 (Fig-
ure S59). The cytotoxicities of the two materials were determined by MTS assay (Fig-
ure 8) against Hela cells, where it was found that the PEGylated material induced sig-
nificant cell death at NMOF concentrations of 0.75 mg/mL and above, whereas the
uncoated material did not. In comparison, DCA alone has been found to have an ICsq
of 23.0 + 4.0 mM against methylcholanthrene fibrosarcoma cells, a considerably
higher dose.”® We expect that the enhanced stability and cellular internalization of
the PEGylated MOF contributes significantly to the improved therapeutic effect.
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Figure 8. Metabolic Activity of HeLa Cells after 72 hr of Exposure to DCA@UiO-66-L1 and
DCA@UiO-66-L1-PEG2000, as Measured by MTS Assay

Conclusions

We have presented a reproducible and innovative protocol—click modulation—to
selectively introduce surface functionality to the Zr MOF UiO-66. A range of experi-
ments have shown that differing chemical functionality can be incorporated in the
MOF via the CuAAC reaction with functionalized modulators and that the two-stage
process is compatible with cargo loading. Surface modification has been shown to be
of prime importance for drug-delivery applications, specifically for UiO-66 nanopar-
ticles loaded with calcein or DCA and coated with PEG chains of different lengths.

PEGylation has been shown to improve the stability of UiO-66 toward phosphate-
induced degradation and dispersion in aqueous media, and calcein release has
been proven to be pH dependent. In contrast to bare nanoparticles, PEGylated
UiO-66 samples did not release more than ~40% of their calcein cargo after
5 days at pH 7.4, yet they released the full amount after 2 days in pH 5.5. In addi-
tion, pH-responsive release was achieved in this pH region, mirroring the change
in conditions from blood-stream circulation to cancer cellular internalization to
allow stimuli-responsive drug delivery. The surface chemistry also altered the
cell-uptake routes of the nanoparticles; coating UiO-66 with PEG2000 enhanced
caveolae-mediated endocytosis, allowing the NMOF to partially escape the lyso-
some, thus avoiding degradation of the drug and improving the possibility of
reaching other cellular organelles. This effect was dependent on the length of
the PEG chain; UiO-66 modified with PEG550 did not exhibit similarly enhanced
caveolae-mediated uptake. PEGylation is compatible with loading of the anti-
cancer drug DCA, and compared with DCA@UiO-66-L1, DCA@UiO-66-L1-
PEG2000 exhibits significant cytotoxicity at concentrations above 0.75 mg/mL,
possibly as a consequence of the differing cell-uptake routes, and enhances the
therapeutic effect of DCA.
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It is clear that functionaliziing MOF nanoparticles with polymer chains can
dramatically improve their suitability for biological applications. Our own results
show improved stability, drug release, and cell-uptake properties with biocom-
patible PEG chains, and recent work has shown that polyaniline-modified UiO-
66 is effective and safe for anticancer photothermal therapy.’”® We expect the
versatility of the click modulation protocol to allow a variety of MOFs to be
selectively surface functionalized with a variety of chemical units and have imme-
diate application not only in biomedical settings but also in selective adsorption
and separation processes and catalysis. Indeed, during the course of our study,
a similar technique was applied to the functionalization of covalent organic
frameworks.'?"

EXPERIMENTAL PROCEDURES

Full experimental procedures are provided in the Supplemental Information.
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Supplemental Information includes Supplemental Experimental Procedures, 60 fig-
ures, and 2 tables and can be found with this article online at http://dx.doi.org/10.
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S1. General Experimental Remarks

Powder X-ray Diffraction (PXRD): PXRD measurements were carried out at 298 K using a
PANalytical X'Pert PRO diffractometer (A (CuKa) = 1.4505 A) on a mounted bracket sample
stage. Data were collected over the range 5-45 °. (University of Glasgow)

Thermogravimetric Analysis (TGA): Measurements were carried out using a TA
Instruments Q500 Thermogravimetric Analyser. Measurements were collected from room
temperature to 800 °C with a heating rate of 10 °C / min under an air atmosphere.
(University of Glasgow)

Nuclear Magnetic Resonance Spectroscopy (NMR): NMR spectra were recorded on
either a Bruker AVIII 400 MHz spectrometer or a Bruker AVI 500 MHz spectrometer and

referenced to residual solvent peaks. (University of Glasgow)

Gas Uptake: N, adsorption isotherms were carried out at 77 K on a Quantachrome
Autosorb iQ gas sorption analyser. Samples were degassed under vacuum at 120 °C for 20
hours using the internal turbo pump. BET surface areas were calculated from the isotherms
using the Micropore BET Assistant in the Quantachrome ASiQwin operating software.

(University of Glasgow)

Pore-Size Distribution: Pore size distributions were calculated using the N, at 77 K on
carbon (slit pore, QSDFT, equilibrium model) calculation model within the Quantachrome
ASiQwin operating software. (University of Glasgow)

UV-Vis Spectroscopy: UV-vis spectra were recorded using a Shimadzu UV-1800; analysis

was carried out using the software UVProve. (University of Glasgow)

ESIMS: Electrospray lonisation Mass Spectrometry was carried out on solution samples

injected into a Bruker MicroTOFq spectrometer. (University of Glasgow).

Scanning Electron Microscopy (SEM): The powder samples were coated with Pd for 150
seconds using Polaron SC7640 sputter coater and imaged using a Carl Zeiss Sigma
Variable Pressure Analytical SEM with Oxford Microanalysis. Particle size distribution was

analysed manually using ImageJ software. (University of Glasgow)

IR: Infra-red spectra of solids were collected using a Shimadzu Fourier Transform Infrared



Spectrometer, FTIR-8400S, fitted with a Diamond ATR unit. (University of Glasgow)

Flow Cytometry: Measurements were carried out using Cytek DxP8 analyser cytometer;
BLU mode (laser)-FLU1 (fluorenscence detector). The analysis was done using FlowJo and

Prism softwares. (University of Cambridge)

Confocal Microscopy: Measurements were carried out using Leica TCS SP5 confocal
microscope. The microscope was equipped with 405 diode, argon and HeNe lasers. Leica
LAS AF software was used to analyse the images. (University of Cambridge)

Dynamic Light Scattering: Colloidal analysis was performed by Dynamic Light Scattering
(DLS) with a Zetasizer Nano ZS potential analyser equipped with Non-Invasive Backscatter
optics (NIBS) and a 50 mW laser at 633 nm. (University of Glasgow)



S2. Materials and Synthesis

All reagents unless otherwise stated were obtained from commercial sources and were used
without further purification. The modulators L1%" and®®> L2 were synthesised by literature
procedures, and the synthesis of UiO-66 — [ZrsO4(OH)4(CsH40,.)4]n — was adapted from a
literature procedure.®® The propargyl modified monomethyl poly(ethylene glycol) samples
were synthesised according to a literature procedure.®*

p-Azidomethyl benzoic acid (L1)
Na The commercially available 4-(bromomethyl)benzoic acid (5 g, 23.27 mmol, 1.0
eq) was dissolved in N,N-dimethylformamide (DMF, 150 mL) in a round 250 mL
bottom flask. Sodium azide (3.8 g, 58.18 mmol, 2.5 eq) was added dropwise.
The reaction mixture was heated at 50 °C for 24 hours. The solvent was
HO” So evaporated under vacuum. Following the literature procedure, p-azidomethyl
benzoic acid (3.91 g, 22.1 mmol, 95%) was obtained pure as a white solid.
'H NMR (500 MHz, CDCl;) & 4.48 (s, 2 H), 7.46 (d, J = 8.4 Hz, 2H), 8.16 (d, J = 8.3 Hz, 2H);
3CNMR (126 MHz, CDCl;) & 53.41, 128.7, 130.62, 130.91, 141.04, 167.51.
The azide band (2130 cm™) was identified by IR, and compared with the staring material.
ESI-MS: calculated for CgHgN3O, m/z = 176.0466; found m/z = 176.0455.

p-Propargyloxy benzoic acid (L2)

To a solution of methyl 4-hydroxybenzoate (5 g, 33 mmol, 1.0 eq) in acetonitrile

J (40 mL), K,CO3(6.64 g, 49.5 mmol, 1.5 eq) was added. The mixture was heated

o to 50 °C for 30 min followed by dropwise addition of propargyl bromide (80% in

toluene, 4.9 g, 3.53 mL, 33 mmol, 1 eq). The mixture was allowed to react at the

same temperature during 16 hours. Solvent was evaporated and the remaining

Ho™ X0 liquid was quenched with water and extracted with chloroform (4 x 15 mL). The

organic layers were combined and washed with water (2 x 10 mL) and brine (2 x

10 mL). Pure methyl p-propargyloxybenzoate was obtained as a white solid (8.11 g, 32
mmol, 97%).

'H NMR (500 MHz, CDCl;) &: 2.54 (t, J = 2.5 Hz, 1H), 3.88 (s, 3H), 4.74 (d, J = 2.5 Hz, 2H),

6.99 (d, J = 8.5 Hz, 2H), 8.00 (d, J = 9.0 Hz, 2H); **C NMR (126 MHz, CDCl;) &: 51.86,

55.78, 76.05, 77.79, 114.51, 123.42, 131.50, 161.11, and 166.64.

Methyl p-propargyloxybenzoate (8 g, 32 mmol) was dissolved in a mixture of THF (45 mL)
and MeOH (22.5 mL), an aqueous solution of NaOH 40% weight (25 mL) was added and the

reaction mixture allowed to reflux for two hours. After cooling down, the organic solvents



were distilled under vacuum vyielding a clear solution, which was acidified with 6 M aqueous
HCI. A white precipitate separated, was filtered and washed with abundant water, yielding
after drying under vacuum pure p-propargyloxybenzoic acid (6.43 g, 27 mmol, 87.6%).

'H NMR (500 MHz, CDCl,) &: 3.57 (t, J = 2.4 Hz, 1H), 4.86 (d, J = 2.4 Hz, 2H), 7.04 (d, J =
9.0 Hz, 2H), 7.88 (d, J = 9.0 Hz, 2H), 12.41 (s, 1H); **C NMR (126 MHz, CDCl;) &: 39.91,
56.05, 79.02, 79.14, 115.04, 124.11, 131.67, and 161.13.

ESI-MS: calculated for C,oH;03 m/z = 175.0401; found m/z = 175.0399.

UiO-66 Synthesis

UiO-66 was synthesised by adaptation of a literature procedure to include different
modulators as follows. For all samples, after cooling the reaction mixture, particles were
collected by centrifugation (4500 rpm, 15 minutes), and washed (sonication centrifugation
cycles) with fresh DMF (x1) and MeOH (x3). The NMOFs were dried for at least 24 hours

under vacuum before analysis.

UiO-66 (Unmodulated)

1,4-Benzenedicarboxylic acid (bdc) (448 mg, 2.7 mmol) was dissolved in 30 mL of DMF. In a
separate vial, the metal precursor, zirconium chloride (629 mg, 2.7 mmol) was dissolved in
30 mL of DMF. Both solutions were sonicated until complete dissolution and mixed together
in a 100 mL jar. The solution was heated to 120 °C for 24 hours vyielding UiO-66

nanoparticles.

UiO-66-AcOH (Modulated with acetic acid)

UiO-66 particles were modulated using the same procedure. Acetic acid (4.2 mL, 7%
volume) was added after mixing both precursors solutions. The sample is named UiO-66-
AcOH.

UiO-66-L1 and UiO-66-L2 (Modulated with L1 or L2)

1,4-Benzenedicarboxylic acid (448 mg, 2.7 mmol) plus one, three or five equivalents of
modulator (L1 or L2), compared to metal precursor, were dissolved in 30 mL of DMF. In a
separate vial, the metal precursor, zirconium chloride (629 mg, 2.7 mmol) was dissolved in
30 mL of DMF. Both solutions were sonicated until complete dissolution and mixed together.
Subsequently, acetic acid (4.2 mL, 7% volume) was added. The solution was heated to 120

oC for 24 hours yielding UiO-66 nanoparticles.



1-Azidodecane

1-Bromodecane (4 g, 0.018 mol, 1 eq) was dissolved in DMF (50 mL). Then, sodium azide
(2.39 g, 0.036 mol, 2 eq) was added dropwise, and the mixture was allowed to react at 50 °C
overnight. After the solvent was evaporated, the remaining mixture was poured into water
(100 mL) and extracted with DCM (3 x 25 mL). The organic phase was further washed with
water (2 x 15 mL). The product was obtained pure as a slightly yellow oil (3.2 g, 94%),
whose spectroscopic data matched that found in the literature.®®

'H NMR (400 MHz, DMSO) & 0.86 (t, J = 6.9 Hz, 3H), 1.36 — 1.19 (m, 14H), 1.58 — 1.45 (m,
2H), 3.31 (t, J = 6.9 Hz, 2H); **C NMR (101 MHz, DMSO) & 14.38, 22.55, 26.60, 28.70,
28.99, 29.13, 29.37, 29.38, 31.64, 51.10.

PEG550-propargyl

/
0 o _Z
- \k\o/ﬁﬁ/ mmol) of PEG550 methyl ether is dissolved in 50 mL anhydrous

THF under nitrogen. After that, 1.5 eq (236 mg, 5.46 mmol) of 60% NaH in mineral oil, and

In a typical PEG550-propargyl synthesis (n = 11), 1 eq (2 g, 3.64

1.5 eq (0.6 mL, 3.40 mmol) of propargyl bromide, are added. The solution is stirred overnight
at room temperature. The resulting mixture is then filtrated and evaporated under vacuum. A
clear, brown oil is obtained (1.225 g, 2.125 mmol, 59%)."

'H NMR: (500 MHz, DMSO) & 3.25 (s, 3H), 3.47 — 3.40 (m, 4H), 3.54 — 3.48 (m, 44H), 4.15
(d, J = 2.4 Hz, 2H); *C NMR: (101 MHz, DMSO) & 57.95, 58.51, 68.98, 70.25 (high
intensity, polymeric chain), 71.75, 77.51, 80.79.

ESIMS: calculated for C4Hs0(C,H40),C,HsO, M+Na+ (n = 6) m/z = 401.2151; found m/z =
401.2160, (found from n=6 to n=17).

PEG2000-propargyl

In a typical PEG2000-propargyl synthesis (n = 44), 1 eq (2 g, 1 mmol) of PEG2000 methyl
ether is dissolved in 100 mL anhydrous tetrahydrofuran (THF) under nitrogen. After that, 1.5
eq (65 mg, 1.5 mmol) of 60% NaH in mineral oil, and 1.5 eq (0.6 mL, 3.40 mmol) of
propargyl bromide, are added. The solution is stirred overnight at room temperature. The
resulting mixture is then filtered and evaporated under vacuum. A white, hard powder is
obtained (993 mg, 0.51 mmol, 51%).

'H NMR (500 MHz, DMSO) & 3.25 (s, 3H), 3.46 — 3.41 (m, 4H), 3.52 (s, 88H), 4.15 (d, J =
2.4 Hz, 2H); *C NMR: (101 MHz, DMSO0) & 57.95, 58.51, 68.98, 69.97, 70.05, 70.25 (high
intensity, polymeric chain), 70.65, 71.75, 77.52, 80.79.

No ionisation was observed in ESIMS, IR showed a stretch at #= 2883 cm™, which is

representative of the alkyne functionality.



L1-dodecyne

1-Dodecyne (1.98 mmol, 327 mg, 1.2 equivalents) was dissolved in DCM (50 mL), DIPEA (4
mol%, 138 ul), AcOH (4 mol %, 45 ul) and Cul (2 mol %, 7.5 mg) were added, and the
mixture stirred 15 minutes under nitrogen. Then, p-azidomethylbenzoic acid (L1) (1.65 mmol,
291 mg, 1 equivalent) was added to the reaction mixture, which was allowed to react
overnight at room temperature under nitrogen atmosphere. Then, the reaction solvent was
washed with water (3 x 15 mL) with an aqueous EDTA solution (2 x 15 mL) and with water (2
x 15 mL). Pure product was obtained as a white powder after evaporation of the organic
solvent.

'H NMR (400 MHz, DMSO) & 0.85 (t, J = 6.8 Hz, 3H), 1.34 — 1.12 (m, 13H), 1.65 — 1.46 (m,
2H), 2.60 (t, J = 7.5 Hz, 2H), 5.64 (s, 2H), 7.35 (d, J = 8.2 Hz, 2H), 8.11 — 7.79 (m, 3H),
13.02 (s, 1H); *C NMR (101 MHz, DMSO) & 14.40, 22.55, 25.43, 28.99, 29.15, 29.20,
29.32, 29.35, 29.42, 31.74, 31.78, 52.65, 122.75, 128.26, 130.12, 130.18, 130.85, 141.57,
147.75.

L2-decane

1-Azidodecane (2.5 mmol, 461 mg, 1.2 equivalents) was dissolved in DCM (50 mL), DIPEA
(4 mol %, 146 ul), AcOH (4 mol %, 48 pl) and Cul (2 mol, 8.0 mg) were added, and the
mixture stirred 15 minutes under nitrogen. Then, p-propargyloxybenzoic acid (L2) (2.1 mmol,
500 mg, 1 equivalent) was added to the reaction mixture, which was allowed to react
overnight at room temperature under nitrogen atmosphere. Then, the reaction solvent was
washed with water (3 x 15 mL) with an agueous EDTA solution (2 x 15 mL) and with water (2
x 15 mL). Pure product was obtained as a white—yellowish powder after evaporation of the
organic solvent. '"H NMR (400 MHz, DMSO) & 12.63 (s, 1H), 8.25 (s, 1H), 7.89 (d, J = 8.7
Hz, 2H), 7.12 (d, J = 8.7 Hz, 2H), 5.22 (s, 2H), 4.36 (t, J = 7.1 Hz, 2H), 1.92 — 1.65 (m, 2H),
1.23 (s, 12H), 0.85 (t, J = 6.9 Hz, 3H); *C NMR (101 MHz, DMSO) & 204.59, 194.88,
162.04, 161.77, 131.71, 114.93, 49.85, 31.78, 31.73, 29.35, 29.32, 29.30, 29.10, 28.97,
28.82, 28.79, 28.69, 26.26, 22.57, 14.41.



S3. Characterization of NMOFs

Analysis of the UiO-66 samples by PXRD confirmed their crystallinity (Figure S1).
Unmodulated samples showed a broad PXRD pattern, indicating a very small particle size,
while UiO-66-AcOH showed a better defined PXRD pattern. Inclusion of L1 or L2 did not
affect crystallinity and produced phase pure samples.
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Figure S1. Stacked PXRD patterns of UiO-66 modulated with a) L1 and b) L2.

The modulator (L1 or L2) content in the UiO-66 samples was calculated using *H NMR
spectroscopy of samples digested in D,SO, / DMSO-ds. By comparing intensity of one of the
aromatic signals of the modulator (d, 2H) to the resonance of the aromatic protons of the bdc

linker (s, 4H), it is possible to determine modulator content using the formula:

L mol% compared to linker =

Intensity (L aromatic signal)
*
Intensity (L aromatic signal) + (bdc aromatic signal/2)

100

Typical *H NMR spectra are shown in Figure S2, which corresponds to UiO-66-L1 (5 eq),
and Figure S3, which corresponds to UiO-66-L2 (3 eq). The integral ratios confirm that L1 is
present in 13.3% molar ratio when compared to the linker, bdc, and L2 is present in 6.8%
molar ratio. In this way, the increasing content of both L1 in UiO-66-L1 and L2 in UiO-66-L2
could be determined (Table S1).
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Figure S2. 'H NMR spectrum (D,SO, / DMSO-ds, 293 K) of UiO-66-L1 (5 eq), showing the presence
of the modulator L1.
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Figure S3. 'H NMR spectrum (D,SO, / DMSO-dg, 293 K) of UiO-66-L2 (3 eq), showing the presence

of the modulator L2.



Table S1. Modulator content in UiO-66 samples determined by 'H NMR spectra.

Modulator L1(leq) | L1(3eq) |L1(5eq) |L2(1eq) | L2(3eq) | L2(5eq)

Mol % versus bdc 5.6% 8.3% 13.3% 1.2% 6.8% 17.1%

FTIR spectra of the samples also showed an increase in signals associated with the
functional groups of the modulators (azide band for L1, alkyne signals for L2) as more

equivalents were added to the synthetic mixture (Figure S4).
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Figure S4. FTIR spectra of modulated UiO-66 samples showing the presence of functional groups of
a) L1 and b) L2 in the synthesised MOF.




The effect of modulator incorporation on patrticle size was examined by SEM imaging. The
samples were prepared as low concentration dispersions of nanoparticles in MeOH, which
were allowed to dry in the oven at 60 °C for 5 minutes. For UiO-66-AcOH (Figure S5),

particles were roughly spherical aggregates of very small crystals, with a diameter of around
200 nm.

e

H 200 nm " H 200 nm | — 200nm  UiO-66-AcOH

Figure S5. SEM images of UiO-66-AcOH.

For UiO-66-L1 samples, the morphology is noticeably different, being roughly octahedral
crystallites of 100-200 nm in size regardless of the number of equivalents of L1 included in
the synthetic mixture (Figure S6).

" H 100 nm

Figure S6. SEM images of a) UiO-66-L1 (1 equiv), b) UiO-66-L1 (3 equiv), and c) UiO-66-L1 (5

equiv).

In contrast, samples of UiO-66-L2 became larger and more polydisperse as more
equivalents of L2 were included in the synthetic mixture (Figure S7), reaching sizes of ~600
nm for UiO-66-L2 (5 equiv). UiO-66-L1 (1 equiv) has a reasonable particle size range of
around 200-300 nm, but as *H NMR spectroscopic analysis showed very little incorporation
of L2, Ui0-66-L2 (5 equiv) was used for proof-of-concept surface maodification along with
UiO-66-L1 (5 equiv).



Figure S7. SEM images of a) UiO-66-L2 (1 equiv), b) UiO-66-L2 (3 equiv), and c) UiO-66-L2 (5

equiv).

The quantities of organic components (either bdc or the modulator) present in UiO-66-L1
and UiO-66-L2 (all subsequent samples synthesised with 5 equivalents of modulator) were
calculated by TGA measurements (Figure S8) and used for further degradation studies.
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Figure S8. TGA traces (recorded in air) of UiO-66-L1 and UiO-66-L2, compared to L1 and UiO-66-
AcOH.

It has been previously reported that when UiO-66 (ZrsO4(OH)4Ls theoretical structure) is
thermally degraded in air, the first mass loss step at 200-300 °C corresponds to the
zirconium clusters losing two molecules of water, adopting the ZrsO¢Ls molecular formula,
then, the ligand decomposition takes place near 500 °C, leaving the residue ZrO,. Therefore,



by comparing experimental mass loss of the last decomposition step with the weight percent
of the linker in the [ZrsO4(OH)4L,], structure for different values of x, the number of ligands in

the structure can be estimated (Table S2).%°

Table S2. Theoretical compositions of different defective UiO-66 samples.

X
Linker wt% = 7r604(0M) 4Lx * 100
Number of linkers in ZrsO4(OH)4Ly | Linker wt%
X=6 59.2 wt%
X=5 54.5 wt%
X=4 49.1 wt%
X=3 42.0 wt%

In Figure S7 we can observe that the last decomposition step of UiO-66-AcOH corresponds
to 46.8 wt% of the sample, which matches a material with 2.5 ligands missing, leading the
approximate composition [ZreO4(OH)4L35],, with either acetates, chlorides or solvents at
defect sites.

When L1 is introduced to the synthetic procedure, the material [ZrgO4(OH)4L«(L1),]n shows a
similar decomposition profile to UiO-66-AcOH, indicating that L1 degrades together with the
linker (bdc) but at a lower temperature, suggesting L1 is incorporated at the surfaces or the
particles and at defects. As L1 has a similar molecular weight to the bdc linker, we have
estimated the total organic content (bdc and L1) present in the sample using the former
theoretical calculations. In UiO-66-L1 the last decomposition step corresponds to 59.1% of
the total weight of sample, suggesting a full complement of six linkers/modulators in the
structure. Therefore, the UiO-66-L1 composition is expected to be close to [ZrsO4(OH),Ls«
L1,].. UiO-66-L2 shows a more complex degradation profile, in which degradation of the last
ligand step corresponds to 46.2 wt%. As its bioapplications, due to particle size, were not
further studied (see later), no in depth analysis of its thermal degradation was performed.

The porosities of the samples were measured by N, adsorption isotherms at 77 K, and the

adsorption isotherms (Figure S9a) yielded the following information:

UiO-66-AcOH: Sger=1232 m’g™; pore volume= 0.652 ccg™.
Ui0-66-L1: Sger=1565 m°g™; pore volume= 0.762 ccg™.
UiO-66-L2: Sger=1420 m?g™; pore volume = 0.702 ccg™.



=

a) - —a— Ui0-66-L1
600 : —a— Ui0-66-L2
= —e— Ui0-66-AcOH
()]
—~, 500 Gee® E
N Q0 <]
z oouees .o g
= Q000 f*1*1 =
o QQOQOOQQQQOO ) aggggaﬂg oo? &
o 400 00002 Qeeoes Cc0000e0ed &
= 000 000888 08300000000000000 <
§ ggegBlcsces e
~ 300 S
I =
= 200 >
100
0% E T g T ' T g T E T T T Q T = T T 1
0.0 0.2 0.4 0.6 0.8 1.0 5 10 15 20 25

P/P Pore width / Angstroms

Figure S9. a) Adsorption and desorption isotherms (N,, 77 K) of UiO-66-L1 and Ui-66-L2 modulated
samples compared to UiO-66-AcOH. Filled symbols represent adsorption, empty symbols represent
desorption. b) Pore size distribution (slit pore, N, at 77 K on carbon, QSDFT equilibrium model) of
UiO-66-L1 and UiO-66-L2 modulated samples compared to UiO-66-AcOH.

The surface areas for the samples modulated by 5 equivalents of L1 and L2 are enhanced,
while the pore size distribution of these modulated samples (Figure S9b) is similar to the
reported for UiO-66 (8 A and 11 A).°” These results, together with the pore volume
determination and the surface area of the nanoparticles, unequivocally confirm that the
modulators are attached to the surface and defects sites and not stored in the pores of the
NMOFs. In fact, when adding 5 equivalents of modulator to the synthetic process, the
porosity of the particles increases, which could be attributed to defects induced in the
structure, as attaching L1 or L2, with only one coordination site could lead to not fully

connected zirconium positions.



S4. Characterisation of Surface-Modified NMOFs

General Procedure

In a typical CUAAC reaction performed on the modified MOF, 200 mg of the MOF in
guestion, in this example UiO-66-L1, was placed in a 100 mL two neck round bottom flask.
The MOF nanoparticles were dispersed in DCM (40 mL) by sonication (10 minutes). The
solvent was bubbled with N, DIPEA (304 pL, 0.053 mmol, 4 mol %) was added, then acetic
acid (92 pL, 0.053 mmol, 4 mol %) was added, Cul (5 mg, 0.0264 mmol, 2 mol %) was
added,®® and the mixture was stirred for 5 min under N, atmosphere. 1-Azidodecane (200
mg, 1.1 mmol), or the alternative surface reagent, was added dropwise. The mixture was
allowed to react for 24 hours at room temperature under nitrogen. The precipitate was

collected by centrifugation and washed with DCM (x2) and methanol (x3).

Alkyl-Modified UiO-66

Proof-of-concept surface modification was carried out by reacting UiO-66-L1 with 1-
dodecyne, and UiO-66-L2 with azidodecane. Sample integrity throughout the process was
confirmed by PXRD (Figure S10).
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Figure S10. Stacked PXRD patterns of surface-modified UiO-66 nanoparticles



For high-resolution electrospray ionisation mass spectrometry (HRESI-MS) analysis, the
surface modified NMOF samples were digested in an acidic aqueous solution, which was
subsequently extracted with DCM. The organic phase was washed several times with an
agueous solution of Na,EDTA in order to remove the metals present in solution. The organic
phase was then evaporated and dissolved in a 1:1 mixture of MeOH and MeCN. Peaks were
found for the products of the CUAAC reaction between modulators and surface functionality

as follows:

UiO-66-L1-dodecane. Calcd CyoH3N3O, [M+H]": m/z = 344.2333; found: m/z = 344.2319.
UiO-66-L2-decane. Calcd C,oH2sN3O5 [M-H]: m/z = 358.2136; found: m/z = 358.2131.

Samples were prepared for 'H NMR spectroscopy by digestion in D,SO, / DMSO-ds,
although the low modulator content made analysis difficult. The conversion of the functional
groups of the modulators was monitored by FTIR spectroscopy, including comparison of the
spectra of the surface modified NMOFs with pristine samples where the modulator had been
reacted with the respective surface component in solution (Figure S11). The low overall
content of modulator in the samples means the signals are quite weak. For UiO-66-L1-
dodecane, the N3 signal (~2100 cm™) of L1 decreases considerably upon reaction, while the
C-H region (2700-3000 cm™) shows signals for the surface alkyl unit. In the IR spectrum of
UiO-66-L2-decane, the signal around 3250 cm™ for the acetylene functionality of L2 is lost,
and again new signals appear in the C-H region (2700-3000 cm™). Unfortunately, the signals

expected for the triazole unit are masked by peaks from UiO-66 itself.
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Figure S11. FTIR spectra comparing a) UiO-66-L1 before and after reaction with 1-dodecyne, as well
as the product of the CUAAC reaction between L1 and 1-dodecyne, and b) UiO-66-L2 before and after
reaction with azidodecane, as well as the product of the CuAAC reaction between L2 and

azidodecane.

The porosity of the samples was determined by N, adsorption isotherms measured at 77 K

(see Figure 2, main text) which confirmed that the samples remained porous and showed



slight decreases in gravimetric surface areas associated with incorporation of additional

mass at the particle surfaces:

UiO-66-L1-dodecane: Sger = 1168 m’g™; pore volume = 0.623 ccg™.
UiO-66-L2-decane: Sger = 1262 m?g™; pore volume = 0.587 ccg™.

Thermogravimetric analysis was used to investigate the incorporation of surface
functionality. For UiO-66-L1-dodecane, additional mass loss events are obvious in the TGA
traces recorded in air (Figure S12a) and under nitrogen (Figure S12b). These mass loss
events occur at temperatures higher than the decomposition of the isolated product of the
CUuAAC reaction between L1 and dodecane, indicating covalent attachment to the NMOF,

and a surface functionality component of around 10% wi/w.
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Figure S12. a) Comparison of TGA traces in air of UiO-66-L1 before and after reaction with 1-
dodecyne. b) Comparison of TGA traces in nitrogen of the MOFs as well as the isolated “clicked”

material L1-dodecane.

Similar TGA analysis was carried out on UiO-66-L2 and its functionalised analogue UiO-66-
L2-decane. In both the TGA traces recorded in air (Figure S13a) and under nitrogen (Figure
13b), there is a high temperature mass loss event corresponding to covalently attached

surface functionality, with a weight content of around 10% wi/w.



a)1004 — Ui0-66-L2 b) 100+
—— UiO-66-L2-decane
----- First derivative
80
g2 %07 8 R
(o] .} -
E g
2 S
=
s 60 R 401
204 | —— Ui0-66-L2-decane
——— L2-decane
409 ; ——Ui0-66-L2
T T T T -“‘““‘I""“"":-““‘ 0 T T T T T T T 1
200 400 600 200 400 600 800

Temperature (°C) Temperature (°C)

Figure S13. a) Comparison of TGA traces in air of UiO-66-L2 before and after reaction with 1-
azidodecane. b) Comparison of TGA traces in nitrogen of the MOFs as well as the isolated “clicked”

material L2-decane.

SEM imaging was used to examine the morphology and size of the NMOFs after surface
modification. In both cases, it can be seen that particle size and morphology is retained after

the click modulation protocol (Figure S14).
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Figure S14. SEM images of a) UiO-66-L1-dodecane and b) UiO-66-L2-decane.



PEG-modified UiO-66

UiO-66-L1 was chosen for modification with propargyl-functionalised poly(ethylene glycol)
chains of two different sizes, PEG550 (M, = 550) and PEG2000 (M, = 2000).
Thermogravimetric analysis, shown in Figure 3 in the main text, confirms the incorporation of
the PEG units and strongly indicates that covalent attachment is required for their
incorporation, as no mass loss events corresponding to PEG units are seen in control
samples where the MOFs are simply soaked in PEG solutions without a catalyst for the
CUAAC conjugation protocol. The level of PEG incorporation was estimated to be 21.7% w/w
and 23.1% wi/w, for UiO-66-L1-PEG550 and UiO-66-L1-PEG2000, respectively.

Samples for HRESI-MS were prepared by the acid digestion protocol described for the alkyl
modified materials. Whilst a series of peaks corresponding to covalently modified PEG550
(the molecules of different chain lengths are present in the starting material) are clearly
visible in the mass spectrum of UiO-66-L1-PEG550 (Figure S15), it was not possible to
ionise the larger PEG2000 chains by ESIMS or MALDI-TOF. This was common to the
precursors and to the digested MOFs.
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Figure S15. ESIMS of digested UiO-66-L1-PEG550 and a table of observed peaks for covalently
modified PEG chains of different lengths.

FTIR spectra were collected to monitor the functional group conversion and incorporation of
the PEG units to UiO-66-L1. For both UiO-66-L1-PEG550 (Figure S16a) and UiO-66-L1-
PEG2000 (Figure S16b), there is a noticeable decrease in intensity of the azide signal

around 2300 cm?, indicating conversion of the surface L1 units, and signals for the C-H



functionality of the PEG chains are observed. There are no signals in the surface modified
MOFs for the alkyne units of the PEG precursors, again indicating that PEG incorporation

occurs through covalent attachment rather than adsorption.
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Figure S16. FTIR spectra comparing a) UiO-66-L1-PEG550 with the two starting materials used in its
synthesis, and b) UiO-66-L2-PEG2000 with the two starting materials used in its preparation.



PXRD analysis showed that the PEGylated NMOFs retained their crystallinity (Figure S17).

i — Ui0-66-L1-PEG2000
— Ui0-66-L1-PEG550
— Ui0-66-L1

Intensity / A.U.

10 20 30 40
260 / Degrees

Figure S17. Stacked PXRD patterns of UiO-66-L1 and its PEGylated derivatives.

SEM was used to ensure particles were not degraded during the surface modification
protocol (Figure S18). For both UiO-66-L1-PEG550 and UiO-66-L1-PEG2000, the particles
remained intact, and as the chain length increased, the morphology of the NMOFs tended
towards spherical, rather than the well-defined octahedral of UiO-66-L1. The long polymer

chains are clearly being installed at the surface, leading to an overall rounding of the
particles.
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Figure S18. SEM images of a) UiO-66-L1-PEG550 and b) UiO-66-L1-PEG2000.

The particle size distributions before and after PEGylation were analysed manually using the
ImageJ software package (Figure S19). The average size of UiO-66-L1 particles was found
to be 146.6 £ 29.3 nm, which increased upon PEGylation to 160.2 + 26.9 nm for UiO-66-L1-
PEG550 and to 172.9 + 36.8 nm for UiO-66-L1-PEG2000. This size increase is consistent
with the increasing size of the surface polymer chains being installed on the nanoparticles’
surfaces, but the magnitude of the size change may be affected by the accompanying
change in morphology from octahedral to roughly spherical particles upon surface
modification. A comparison of the particle size histograms for all three samples is given in
Figure S20.
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Figure S19. Particle size analysis from SEM micrographs for a) UiO-66-L1, b) UiO-66-L1-PEG550,
and c) UiO-66-L1-PEG2000.

251 Il vio-66-L1
{ | I VUiO-66-L1-PEG550
I Ui0-66-L1-PEG2000

20+

15+

Count

10+

60 80 100 120 140 160 180 200 220 240 260
Size (nm)

Figure S20. Comparison of particle size histograms for the three samples analysed with ImageJ.



Dynamic light scattering (DLS) was used to monitor particle size and aggregation in solution,
before and after surface modification. In a scintillation vial, dispersions with a concentration
of 250 ug of MOF per mL of dispersant were prepared by sonication over 5 min prior to the
measurement of each sample. Three recordings, consisting of 14 runs each, were performed
consecutively on the same sample for each measurement. The waiting time between

recordings was 5 seconds. No stirring was provided during the course of the experiment.

When samples were dispersed in MeOH (Figure S21), the effect of surface PEGylation is
clear. Both UiO-66-AcOH and UiO-66-L1 aggregate in solution, which may be a result of
their hydrophilic surfaces, although UiO-66-L1 displays smaller aggregates than UiO-66-
AcOH. The PEGylated samples show much smaller size in solution, with average diameters
around 150 nm correlating well with SEM data, suggesting well dispersed particles with no

aggregation as a consequence of their PEG surfaces.
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Figure S21. a) Dynamic light scattering (DLS) measurements of UiO-66 samples in methanol. b)

Zoom in on DLS data for smaller particle sizes.

DLS measurements were also carried out in water (Figure S22), but it was found to be
difficult to generate stable dispersions of UiO-66-L1. Aggregation and precipitation was
observed, but aggregates around 2000-3000 nm were typically in initial measurements. The
PEGylated samples showed much less aggregation, in particular UiO-66-L1-PEG2000,
which has a much larger surface corona of water-compatible PEG chains and so stabilises
small aggregates around 500 nm in size.
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Figure S22. Dynamic light scattering measurements of UiO-66 samples in water.

During repeated DLS experiments run over 10 minutes, it was observed that UiO-66-L1-
PEG2000 gradually aggregated (Figure S23), from particles around 250 nm to around 500
nm in diameter. Aggregates of UiO-66-L1-PEG550 across a broad size range around 1000
nm had, in contrast, stabilised rapidly prior to measurement, again indicating the significant
effect of larger PEG chains on hydrodynamic behaviour of the UiO-66 nanopatrticles.
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Figure S23. Time dependent aggregation observed during DLS measurements for a) UiO-66-L1-
PEGS550, and b) UiO-66-L1-PEG2000.

As the PEGylated UiO-66 samples were intended for use as drug delivery vectors, their

cytotoxicities towards HelLa cells, as well as those of the modulators L1 and L2, were



investigated using the  3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) (Promega, UK) reduction assay. UiO-66 itself has

previously been found to be non-toxic using this methodology.**

HelLa cells were maintained at 37 °C with 5% CO, in high rich glucose (4500 mg/L)
Dulbecco's modified Eagle's Medium (DMEM) with phenol red supplemented with 10% (v/v)
Fetal Bovine Serum (FBS), 2 mM L-glutamine, 100 units/mL penicillin and 100 pg/mL
streptomycin. This was named complete DMEM (cDMEM). The cells were passaged three
times a week (at 75-80% of confluence) at a density of 2.8 x 10* cell/lcm?.

The day before the experiment, cells were seeded into a 96 well plate at a density of 10 x
10° cells per well. Prior to the treatments, cells were washed twice with PBS. The MOFs and
modulators were dissolved/suspended in cDMEM at different concentrations. They were
then added to the cells and incubated for 72 h at 37 °C with 5% CO,. To measure the
toxicity, the cells were washed three times with phosphate buffered saline (PBS), the media
was replaced with 100 pyL of fresh culture media containing 20 yL of MTS/phenazine
methosulfate (in a proportion 20:1) solution, and the plate was incubated for 1 h at 37 °C

with 5% CO,. The plates were read at 490 nm by UV/Vis spectrophotometry.

No decrease in cell viability was observed up to 1 mg/mL concentration of either of the
modulators (Figure S24), confirming that they are non-toxic. Similar results were obtained for
the PEGylated UiO-66 samples (Figure S25).
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Figure S24. Metabolic activity of HeLa cells after 72 h of exposure to L1 and L2, measured by MTS

assay.
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Figure S25. Metabolic activity of HelLa cells after 72 h of exposure to UiO-66-L1-PEG550 and UiO-
66-L1-PEG2000, measured by MTS assay.



S5. Stability of Surface-Modified NMOFs

To obtain the degradation profile of the different UiO-66 nanoparticles, around 10 mg of
sample were dispersed in a dialysis bag with 10 mL of phosphate buffered saline (PBS) at
pH 7.4, and dialysed against 100 mL of PBS under magnetic stirring at room temperature.
The release of the bdc linker, indicative of degradation, was measured by UV-Vis
spectroscopy. The quantity of bdc (% w/w) present in the different UiO-66 samples was
calculated based on the TGA measurements detailed in Section S3, being 46.8% w/w for
UiO-66-AcOH and 59.1% w/w for UiO-66-L1. The initial linker weight for UiO-66-L1 was
corrected with the weight of PEG in the new sample, previously determined by TGA analysis
in Section S4.

PEG wt%

i 0fy — _
Linker wt% = 59.08 (1 100

A calibration curve of bdc in PBS pH 7.4 was performed (Amax = 241 nm) and shown in
Figure S26a. Solutions of bdc and L1 of the same concentration were measured revealing a
maximum absorbance peak at 234 nm for L1 with a very similar extinction coefficient to bdc.
When the absorbance of a solution of both bdc and L1 (1:1) was measured, a maximum
peak absorbing at 238 nm was determined with a very similar extinction coefficient to bdc on
its own (Figure S26b).
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Figure S26. a) Calibration curve of bdc absorbance at L = 241 nm in PBS at pH 7.4. b) UV-Vis
spectra of PEG2000-propargyl (brown), L1 (pink), bdc (black), and a mixture of L1 and bdc (green).



Due to the overlapping absorbance of L1 and bdc, the fact that the presence of L1 does not
affect the bdc absorbance, and as the quantity of L1 present in sample (determined by ‘H

NMR) is very small compared to bdc, the bdc calibration curve in Figure S26 was used.

Each measurement was taken in situ (from 210 nm to 330 nm, Figure S27) and the liquid
was introduced back to the dialysis media before prior measurement. Each experiment was
performed separately 3 times to determine the error and each calculation was performed
with the exact mass of NMOF added.
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Figure S27. UV-Vis spectra (210-330 nm) of the degradation profiles of the different samples in PBS.

In a typical calculation of the percentage of bdc released, based on the maximum

absorbance of the dialysis media, the following calculations were performed:



m
mg of sample * wt% bdc in sample = mg of bdc - F‘?bdc — Maximum absorbance

Experimental absorbance
* 100 = % bdc Released

Maximun absorbance

The degradation profiles were collected in triplicate and are plotted in Figure S28, showing
significant differences for PEGylated samples compared to uncoated samples. There is a
clear enhancement in stability for the PEGylated samples, which also degrade with a

different kinetic profile.
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Figure S28. a) Degradation profiles of coated and uncoated UiO-66 nanoparticles in PBS pH 7.4, with

b) an inset of the early time period. Error bars denote standard deviations from triplicate experiments.

The kinetic profiles for the degradation of the samples were subsequently determined by
curve fitting utilising Microcal Origin software. The uncoated samples, UiO-66-AcOH and
UiO-66-L1, exhibit (Figure S29) exponential degradation profiles: y= y, +A;e*™. In contrast,
the PEGylated samples exhibit (Figure S30) sigmoidal degradation profiles: y= start + (end-
start)(x"/(k"+x")), clearly indicating a different initial degradation mechanism.
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Figure S29. Degradation profiles of UiO-66-AcOH and UiO-66-L1 with curve fittings. Error bars

denote standard deviations from triplicate experiments.
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Figure S30. Degradation profiles of UiO-66-L1-PEG550 and UiO-66-L1-PEG2000 with curve fittings.

Error bars denote standard deviations from triplicate experiments.



The effect of exposure of the UiO-66 nanoparticles to PBS buffer on their crystallinity was
investigated by powder X-ray diffraction. In the general procedure, 20 mg of the UiO-66
nanoparticles were dispersed in PBS buffer (pH 7.4, 20 mL) by sonication (5 minutes), and
stirred for different contact times. Then, the nanoparticles were collected by centrifugation
and washed with fresh water. After being dried for 24 h under vacuum, their crystallinity was
analysed by PXRD (Figure S31).
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Figure S31. Stacked PXRD patterns of UiO-66 samples after different contact times with PBS buffer
for a) UiO-66-L1-PEG550 and b) UiO-66-L1-PEG2000.

The samples clearly exhibit different stabilities under the experimental conditions, with
uncoated UiO-66 samples rapidly losing crystallinity, while the PEGylated samples remain

highly crystalline after an hour.



S6. Characterization of Calcein Loaded NMOFs

General Procedure for Calcein Loading

200 mg of UiO-66-L1 was dispersed by sonication (15 minutes) in 100 mL of a methanolic
solution of calcein (10 mg/mL), and stirred at room temperature for 48 hours. The solid was
collected by centrifugation (4500 rpm, 20 min), and submitted to dispersion centrifugation
cycles with fresh methanol until the supernatant solution remained colorless (around 5
times). The calcein loaded material, cal@UiO-66-L1, was obtained as a bright orange

powder.

General Procedure for Surface Modifying Calcein Loaded Samples

The same CuAAC procedure detailed in Section S4 was used to prepare the calcein loaded
materials, cal@UiO-66-L1-PEG550 and cal@UiO-66-L1-PEG2000. The reaction media did
not acquire an intense orange color, as no considerable amounts of calcein were released

during the process.

Powder X-ray diffraction data (PXRD) confirmed that the samples remained crystalline after

calcein loading and subsequent surface PEGylation (Figure S32).
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Figure S32. Stacked PXRD patterns of calcein-loaded UiO-66 samples.

The retention of sample integrity was further suggested by SEM imaging of calcein loaded

samples, which showed little change in overall size but some rounding (Figure S33).
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Figure S33. SEM images of a) cal@UiO-66-L1, b) cal@UiO-66-L1-PEG550, and c¢) cal@UiO-66-L1-
PEG2000.

The calcein content of the MOFs was determined by UV-Vis spectroscopy of acid digested
samples. 1 mg of sample was dispersed, heated in PBS buffer pH 5.5 (10 mL) and stirred for
48 hours. The sample was centrifuged before the analysis of the calcein absorbance in the
PBS solution against a previously prepared calibration curve (Figure S34), and the
remaining solid NMOF was confirmed visually to have lost the characteristic orange color

form the calcein.
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Figure S34. UV/Vis spectrophotometric calibration curves for calcein absorbance in PBS pH 5.5.

Based on the solution absorbance, the calcein concentration was determined. In order to

obtain the weight percent of calcein in the samples, the following calculation was performed:

[mg/ml] of Calcein * 10 ml = mg of Calcein
mg of Calcein

100 = Calcein wto
mg of NMOF alcetn wt



The analysis of the UV/Vis spectrophotometric data gave the following loading values:
cal@UiO-66-L1: 16.1% w/w.
cal@UiO-66-L1-PEG550: 13.1% w/w.

cal@UiO-66-L1-PEG2000: 10.3% wi/w.

Investigation of calcein content was carried out by thermogravimetric analysis (Figure S35).
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Figure S35. TGA profiles of cal@UiO-66-L1 in air and its comparison with UiO-66-AcOH, UiO-66-L1

and calcein.

For cal@UiO-66-L1, the absence of a significant calcein decomposition step at 200 °C,
together with its bigger size compared to the pore cavity, suggests that calcein is attached to
the zirconium clusters present in the surface and defect sites through its carboxylic acid
groups. The multi-step degradation profile makes quantitative calcein content analysis by

TGA difficult, however, it is clearly present.

Similar TGA analysis was carried out on the samples which had been surface modified with
PEG chains (Figure S36).
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Figure S36. a) TGA traces of cal@UiO-66-L1-PEG550 in air and its comparison with cal@UiO-66-L1,
UiO-66-L1-PEG550, and calcein. b) TGA traces of cal@UiO-66-L1-PEG2000 in air and its
comparison with cal@UiO-66-L1, UiO-66-L1-PEG2000 and calcein.

The appearance of a new degradation step at the reported degradation temperature of
PEG®™ confirms that the PEGylation has been successful. As the thermal degradation of
calcein and PEG occur across the same temperature ranges, it is not possible to determine

exact contents of either functionality by TGA.

Adsorption isotherms (N,, 77 K) were used to investigate the mode of calcein incorporation
(Figure S37).
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Figure S37. a) Adsorption and desorption isotherms (N,, 77 K) of calcein loaded UiO-66 samples.
Filled symbols represent adsorption, empty symbols represent desorption. b) Pore size distribution

(slit pore, N, at 77 K on carbon, QSDFT equilibrium model) of the calcein loaded UiO-66 samples.



It is clear that the samples remain porous on calcein loading, suggesting that the majority of
the calcein is attached to the surfaces of the MOFs rather than being stored in the pores and

blocking them. The isotherms yielded the following data:

cal@Ui0-66-L1 Sger = 1002 m?g™; pore volume = 0.469 ccg™.
cal@UiO-66-L1-PEG550 Sger = 826 m?g™; pore volume = 0.421 ccg™.
cal@Ui0-66-L1-PEG2000 Sger = 683 m?g™; pore volume = 0.575 ccg™.



S7. Calcein Release from NMOFs

In a typical calcein release experiment, between 5 and 10 mg of NMOF were dispersed in a
dialysis bag with 10 mL of PBS (required pH), and dialysed against 100 mL of PBS (same
pH) under magnetic stirring at room temperature. A full spectrum (210-550 nm) was
performed for each measurement, which was taken in situ, and the liquid was added back to
the dialysis media prior to me next measurement. Both bdc and calcein absorbance
characteristic peaks were analysed. For each experiment, calculations were performed with
the exact mass of NMOF added.

The previous calibration curve for calcein in PBS at pH 5.5 (Anax = 452 nm, Figure S33a)

was used for further analysis. In addition, a calibration curve for calcein in PBS at pH 7.4

was also performed (Amax = 498 nm Figure S38).
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Figure S38. Calibration curve of calcein in PBS pH 7.4

The theoretical maximum calcein absorbance of the dialysis media was determined using

the following calculations:

m
mg of sample * wt% Calcein in sample = mg of Calcein - ?‘?Calcein

— Maximum absorbance

Experimental absorbance )
* 100 = % Calcein Released

Maximun absorbance



The NMOF degradation during the release process was also studied by analysis of the bdc
characteristic absorbance peak (Amax = 241 nm). The weight percentage of bdc present in
the sample was adjusted with the weight percentage of calcein previously determined by
UV-Vis spectroscopy:

(100 — wt% Calcein)
100

(wt% BDC in UiO — 66 — L1) * =% BDC in UiO — 66 — L1 — Calcein

For PEGylated samples, the weight percentage of bdc was adjusted in the same way,

including this time the weight percentage of the PEG units previously determined by TGA:

100 — (Wt%PEG + wt% Calcein)
100

(wt% BDC in UiO — 66 — L1) x

Then, the former calculations based on the maximum absorbance were performed to obtain

the amount of bdc released.

cal@UiO-66-L1
The calcein release from cal@UiO-66-L1 was monitored at pH 5.5 and pH 7.4 by UV/Vis
spectroscopy (Figure S39).
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Figure S39. UV-Vis spectra of calcein and bdc release from cal@UiO-66-L1 in PBS at a) pH = 7.4
and b) pH =5.5.



The release profiles are plotted in Figure S40 with a comparison in Figure S41.
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Figure S40. Calcein release from cal@UiO-66-L1 exhibits a) a sigmoidal profile with the equation
Y=Vmax (X"/K"+X") at pH 7.4, and b) an exponential release profile y= y, +A,”" at pH 5.5. Error bars
denote standard deviations from triplicate experiments.
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Figure S41. pH Dependence of calcein release from cal@UiO-66-L1. Error bars denote standard

deviations from triplicate experiments.



There is a clear difference in the release profiles in the early time stages, with lower pH
favouring release as would be expected, but by 24 h the released amounts of calcein are

similar.

The rate of release of bdc, and thus information on the degradation of the materials, can also
be obtained using this method. From the release profiles (Figure S42), it would appear that
the MOF breaks down more rapidly in pH 5.5, which would again be expected.
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Figure S42. Release of bdc linker from cal@UiO-66-L1 exhibits a) an exponential profile with the

x/tl

equation y= y,+A; (1—e'x"1)+ Az(l—e'm) at pH 7.4, and b) an exponential profile y=y, +A;e”" at pH

5.5. Error bars denote standard deviations from triplicate experiments.

cal@UiO-66-L1-PEG550 and cal@UiO-66-L1-PEG2000

Similar calcein release experiments were performed for the PEGylated samples, with the
UV/Vis spectra for release at pH 7.4 and pH 5.5 plotted for cal@UiO-66-L1-PEG550 in
Figure S43 and for cal@UiO-66-L1-PEG550 in Figure S44.
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Figure S43. UV-Vis spectra of calcein and bdc release from cal@UiO-66-L1-PEG550 in PBS at a) pH
=7.4and b) pH =5.5.
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Figure S44. UV-Vis spectra of calcein and bdc release from cal@UiO-66-L1-PEG2000 in PBS at a)
pH = 7.4 and b) pH = 5.5.

The calcein release profiles prepared from the UV-Vis spectroscopic data are shown in
Figure S45, for the release experiments at pH 7.4, and in Figure S46, for the experiments at

pH 5.5.
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Figure S45. Calcein release at pH 7.4 from a) cal@UiO-66-L1-PEG550 and b) cal@UiO-66-L1-

PEG2000, which exhibit sigmoidal profiles. Error bars denote standard deviations from triplicate

experiments.
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Figure S46. Calcein release at pH 5.5 from a) cal@UiO-66-L1-PEG550 and b) cal@UiO-66-L1-

PEG2000, which exhibit sigmoidal profiles. Error bars denote standard deviations from triplicate

experiments.




The release profiles for both PEGylated samples are closely related, and show a significant
pH dependence. The PEGylated MOFs release around 30% of calcein at pH 7.4, whilst
rapidly releasing around 80% of cargo at pH 5.5. This contrasting behaviour is illustrated in
Figure S47.
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Figure S47. Calcein pH dependence release from PEGylated samples. Error bars denote standard

deviations from triplicate experiments.

The release of bdc was also monitored, and is compiled in Figure S48 (pH 7.4) and Figure
S49 (pH 5.5). It is clear that degradation occurs much more rapidly at lower pH values, as

expected.
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Figure S48. Release of bdc at pH 7.4 from a) cal@UiO-66-L1-PEG550 and b) cal@UiO-66-L1-
PEG2000, which both exhibit sigmoidal profiles with the general equation y= start + (end-

start)(x"/(k"+x")). Error bars denote standard deviations from triplicate experiments.
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Figure S49. Release of bdc at pH 5.5 from a) cal@UiO-66-L1-PEG550 and b) cal@UiO-66-L1-
PEG2000, which both exhibit sigmoidal profiles with the general equation y= start + (end-

start)(x"/(k"+x"). Error bars denote standard deviations from triplicate experiments.




PEGylation clearly has a significant effect on calcein release, particularly at pH 7.4, where

the coating inhibits calcein release (Figure S50).
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Figure S50. Release of calcein from coated and uncoated UiO-66 at pH 7.4. Error bars denote

standard deviations from triplicate experiments.

Stimuli-responsive release of calcein

As the release of calcein from the PEGylated samples reached plateaux after around one
day when dispersed in PBS pH 7.4, while a much more significant release was observed at
pH 5.5 (Figure S47), a stimuli-responsive release experiment was carried out, where the pH
of the release media was adjusted from 7.4 to 5.5 during the course of the experiment to
observe if there was further release. To do so, 50 uL of concentrated HCI was added to the
100 mL of PBS pH 7.4 placed in contact with the dialysis bag, in order to obtain pH 5.5. The
guantity of concentrated HCI need to change the pH of the dialysis media was determined
previous to the experiment. The pH responsive release profile is shown in the main paper in

Figure 5.



S8. Characterisation of NMOFs after Calcein Release

To simulate release conditions on a larger scale, 50 mg samples of the calcein-loaded
NMOFs were dispersed in 50 mL of PBS pH 7.4, which was stirred at room temperature for
2 days in the case of cal@UiO-66-L1-PEG2000 and for 1 day for cal@UiO-66-L1. Then, the
NMOF was collected by centrifugation (4500 rpm, 15 minutes), and washed with water 3
times. The NMOFs were dried for 24 hours under vacuum before further analysis.

PXRD showed that the samples retained some crystallinity, although were somewhat
degraded by the release process, likely as a consequence of the extended exposure to
phosphates in PBS (Figure S51).
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Figure S51. Stacked PXRD patterns of NMOFs before and after simulated release conditions.

Thermogravimetric analysis of the samples in air showed that for cal@UiO-66-L1, a
significant amount of calcein had been released (Figure S52a), leaving a higher overall
metal oxide residue. For cal@UiO-66-L1-PEG2000, the mass loss events attributed to the
PEG chains are not present, suggesting that the PEG chains have been cleaved from the
MOF during the exposure to PBS (Figure S52b).
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Figure S52. TGA tracess in air of a) cal@UiO-66-L1 and b) cal@UiO-66-L1-PEG2000, before and

after release.

The residual calcein content was measured by the UV/Vis spectroscopic method described
in Section S6. The uncoated sample cal@UiO-66-L1 contained 5.2% wi/w calcein after 1 day
in PBS, corresponding to 67.5% release. In contrast, cal@UiO-66-L1-PEG2000 contained
5.4% wiw calcein after 2 days in PBS, corresponding to 42.7% release. These values

correlate well with the smaller scale release profiles in Section S7.

Adsorption isotherms for N, at 77 K were collected for the samples (Figure S53), which both
showed that after the release, the MOFs retained some porosity. The following surface area

data were obtained, and compared to the pristine starting materials collected in Section S6:

cal@Ui0-66-L1 Sger = 1002 m?g™; pore volume = 0.469 ccg™.

cal@Ui0-66-L1 (1 day in PBS) Sger = 1155 m°g™; pore volume = 0.666 ccg™.
cal@Ui0-66-L1-PEG2000 Sger = 683 m?g™; pore volume = 0.575 ccg™.
cal@Ui0-66-L1-PEG2000 (2 days in PBS) Sger = 554 m°g™; pore volume = 0.442 ccg™.

The unmodified material shows an increase in gravimetric surface area and pore volume,
likely as a result of the release of calcein mass. In contrast, cal@UiO-66-L1-PEG2000
shows a decrease in gravimetric surface area, despite releasing some calcein. We attribute
this to an increase in mass resulting from formation of a phosphate corona (from the PBS
buffer) at the surfaces of the particles, which is initially aided by the presence of the PEG
chains. We expect that the incorporation of these phosphates blocks the release of further

calcein.
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Figure S53. a) N, adsorption isotherm (77 K) for cal@UiO-66-L1 after 1 day in PBS compared to the
pristine material, alongside b) the calculated pore size distributions (slit pore, N, at 77 K on carbon,
QSDFT equilibrium model). ¢) N, adsorption isotherm (77 K) for cal@UiO-66-L1-PEG2000 after 2
days in PBS compared to the pristine material, alongside d) the calculated pore size distributions (slit
pore, N, at 77 K on carbon, QSDFT equilibrium model).

The incorporation of phosphates into the materials can be monitored by FTIR spectroscopy
(Figure S54). The growing broad signal at ~1000 cm™ is present in both samples after 2
days, indicating that phosphate accumulation occurs in PBS. However, UiO-66-L1 is able to
release the majority of its calcein before significant phosphate incorporation, while UiO-66-

L1-PEG2000 is likely to have its release of calcein delayed by the PEG2000 chains and then
blocked by phosphate.
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Figure S54. Stacked FTIR spectra of a) cal@UiO-66-L1 compared to the sample after 1 and 2 days
simulated release conditions, and b) cal@UiO-66-L1-PEG2000 compared to the sample after 2 and 5

days simulated release conditions.



S9. Endocytosis Studies

Confocal microscopy for cell uptake

For all the confocal microscopy experiments Hela cells were seeded in a NUNC™ imaging
four-well plate at a density of 1.11 x 10° cells/mL and incubated for 24 h at 37 °C with 5%
CO, in cDMEM. After that the cells were then washed with PBS and incubated with 0.25
mg/mL of MOF in media, the corresponding calcein concentration in media, or only media as
a control, for 2 h at 37 °C with 5% CO, in cDMEM. Subsequently, the cells were washed with
PBS, and staining solution was added to the wells. The staining solution consisted of 5
ug/mL Hoescht 33342 nuclear stain and 5 pg/mL plasma membrane stain CellMask™
Orange. Cells were incubated for 5 minutes with the staining solution in the absence of light,
after which trypan blue (0.4%) was added to quench any external fluorescence. The cells
were washed with PBS three further times. Finally, fresh media without phenol red was
added to each sample. The four-well plate was placed on a Leica TCS SP5 confocal
microscope to be imaged. The microscope was equipped with 405 diode, argon and HeNe
lasers. Leica LAS AF software and ImageJ were used to analyze the images, which are

shown in Figure 6 in the main manuscript.

The cell morphology changed during the course of the experiment as observed for the
control sample, where the cells were incubated only with media. This could be explained due
to the necessary multiple PBS washes to completely remove non-internalised MOFs and

fluorescent stains.

Flow cytometry assays (FACS)
In all the FACS experiments, HelLa cells were seeded in a Cellstar 24-well plate at a density
of 5 x 10 cells/well and incubated for 48 h at 37 °C with 5% CO, in complete medium.

Positive controls

Atfter cell growing for 48 h, each well containing cells was washed with PBS and pre-treated
with sucrose (102.7 mg/mL, 0.3 M), chlorpromazine (31.9 ug/mL, 100 pM), nystatin (250
pug/mL), and rottlerin (2.6 pg/mL, 5 uyM) for 30 min at 37 °C. Subsequently, endocytosis
tracers (transferrin-AlexaFluor-633, 25 ug/mL; BODIPY TR-ceramide, 3.5 ug/mL; and Texas
Red-dextran-10 kDa, 0.5 mg/mL) known to specifically go through the clathrin, caveolae, and
macropinocytosis pathways respectively, were added and incubated for another 1.5 h. After
each treatment, the medium of each well was aspirated and the wells were washed
extensively to remove all the conditions. The cells were then harvested by adding 0.1 mL of

trypsin and incubated for 5 min at 37 °C with 5% CO,. Cells were recovered by centrifugation



(5 min at 1200 rpm) and re-suspended in 100 pyL of complete medium without phenol red.
Finally the samples were measured in a Cytek DxP8 analyser cytometer within 30 min. The

analysis of the data was done using FlowJo and Prism software (Figure S55).
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Figure S55. FACs of the positive controls of desired endocytosis routes, showing statistical difference

for the concentration of tracers used.

Analysis of the endocytosis pathways of coated and uncoated NMOFs

In a similar way to the positive controls, at 80% cell confluency, each well was washed with
PBS and pre-treated with sucrose (102.7 mg/mL, 0.3 M), chlorpromazine (31.9 pg/mL, 100
MM), nystatin (250 pg/mL), or rottlerin (2.6 pyg/mL, 5 uM) for 30 min at 37 °C. Then, either
UiO-66-L1, UiO-66-L1-PEG550, or UiO-66-L1-PEG2000, were added and incubated for
another 1.5 h. Subsequently, samples were measured by flow cytometry.

In all the FACS experiments, after any treatment, the media of each well was aspirated and
the wells were washed extensively to remove all the conditions. The cells were then
harvested by adding 0.1 mL of trypsin and incubated for 5 min at 37 °C with 5% CO,. The
cells were recovered by centrifugation, 5 min at 1200 rpm, and re-suspended in 100 pl of
cDMEM without phenol red. Finally the samples were measure in a Cytek DxP8 analyzer
cytometer within 30 min. The analysis of the data was done using FlowJo and Prism

software and is reported in the main text in Figure 7.

Confocal microscopy for co-localization

For all the co-localization experiments, HeLa cells were seeded in a NUNC™ imaging four-
well plate at a density of 1.11 x 10° cell/mL and incubated for 24 h at 37 °C with 5% CO, in
cDMEM. At the end of the incubation period the four-well plate was placed on a Leica TCS
SP5 confocal microscope to be imaged. The microscope was equipped with 405 diode,

argon and HeNe lasers. Leica LAS AF software was used to analyse the images.



LysoTracker®-Deep red imaging

The cells were then washed with PBS and incubated with 0.5 mg/mL of UiO-66-L1, UiO-66-
L1-PEG550, or UiO-66-L1-PEG2000, along with LysoTracker®-Deep red for 2 h at 37 °C
with 5% CO, in cDMEM. Subsequently, the cells were washed with PBS to remove the
conditions, with trypan blue (0.4%) to quench any external fluorescence, and again three

times with PBS. Finally, fresh media without phenol red was added to each sample.

On the one hand, calcein cannot cross the cell membrane alone, on the other hand, it self-
guenches, and so the green fluorescence is only observed upon release of calcein from the
internalised NMOF. Despite the fact that the release profiles determined that PEGylated
UiO-66 samples only release ~15% of calcein at pH 7.4 after 2 hours of exposure, the green
fluorescence is clearly visible outside the lysosome, suggesting a proportion of cal@UiO-66-
L1-PEG2000 is internalised by a different uptake mechanism (in the more acidic lysosome
85% of calcein would be expected to be released in pH 5.5 at the same exposure time).

UiO-66-L1 UiO-66-L1-PEG550 UiO-66-L1-PEG2000

Figure S56. Confocal fluorescence microscopy images of NMOF uptake into HelLa cells using a
lysotracker (red) to stain the lysosome and showing calcein internalisation (green). Non-lysosomal
calcein is highlighted in white boxes for UiO-66-L1-PEG2000. Scale bars represent 25 um, 10 um and
7.5 um, from left to right.



S10. Therapeutic Efficacy of Drug-Loaded NMOFs

To assess the ability of the surface functionalised UiO-66 nanoparticles to deliver cytotoxic

agents into cells, the known anticancer drug dichloroacetic acid (DCA)>'*

was incorporated
into solvothermal syntheses of UiO-66 and UiO-66-L1 in place of acetic acid, yielding
DCA@UIiO-66 and DCA@UIO-66-L1. The presence of L1 and DCA in DCA@UiO-66-L1 was

confirmed by *H NMR spectroscopy of digested samples (Figure S57).
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Figure S57. 'H NMR spectrum (D,SO, / DMSO-ds, 293 K) of DCA@UIO-66-L1, showing the
presence of the modulator L1 and DCA.

The crystallinity of the samples was confirmed by PXRD (Figure S58a) and DCA@UiO-66-
L1 was found to consist of nanoparticles around 150 nm in diameter by SEM (Figure S58Db).
The same CuAAC procedure detailed in Section S4 was used to surface functionalise
DCA@UIiO-66-L1 with the longer PEG chain, yielding DCA@UiO-66-L1-PEG2000, which did
not affect crystallinity.
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Figure S58. a) PXRD patterns of UiO-66 samples loaded with DCA. b) SEM micrographs of as

synthesised DCA@UIiO-66-L1.

The DCA content of the samples was assessed by TGA and by inductively coupled plasma
mass spectrometry (ICP-MS) determination of chloride content (Figure S59).

— DCA@UIiO-66-L1-PEG2000
a) 100 S Uio-s(s@s-u-PEG:;ooo b) DCA Loading (wt%)
—— DCA@UIO-66-L1
TGA ICP-MS
80
8 DCA@UiO-66 17.5% 14.7%
@
= % DCA@
R o, [¢)
UiO-66-L1 15.8% 13.7%
401 g
DCA@ UiO-66- o
' . |L1-PEG2000 nfa 121%
200 400 600 800

Temperature (°C)

Figure S59. a) TGA traces for DCA loaded UiO-66 samples compared to UiO-66-L1-PEG2000,
confirming the presence of both DCA and PEG chains in DCA@UiO-66-L1-PEG2000. b) Comparison

of DCA loading values for the samples calculated by TGA and ICP-MS.

Close correlation between the DCA loading values derived from TGA mass loss events and

ICP-MS was observed, with a gradual decrease in DCA loading occurring as the mass of the



surface functionality increased, as would be expected. The TGA values are likely slightly
higher than the ICP-MS values due to other mass loss events occurring alongside the DCA
thermal decomposition. While TGA analysis confirmed the presence of the PEG functionality
in DCA@UiO-66-L1-PEG2000, the mass loss events for DCA and the PEG chains occurred
simultaneously, precluding calculation of DCA loading, and so the ICP-MS methodology was

used.

To determine cytotoxicity, MTS assays were again performed on HelLa cells incubated with
DCA@UIiO-66-L1 and DCA@UIiO-66-L1-PEG2000. The results are presented in the main
text in Figure 8, showing the PEGylated materials are more toxic than the unfunctionalised
derivatives, presumably because of enhanced lysosome-escaping capabilities and stability.
The effect is even more prevalent when the data are presented by dose of DCA rather than
MOF (Figure S60), as the PEGylated materials contain less DCA by weight. The therapeutic
efficacy of DCA is greatly enhanced by delivery within the PEGylated NMOF-.
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Figure S60. Metabolic activity of HelLa cells after 72 h of exposure to DCA@UiO-66-L1 and
DCA@UiO-66-L1-PEG2000, measured by MTS assay.
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