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ABSTRACT: The buffering effects displayed by pH-responsive polymers have recently gained attention in diverse fields such
as nanomedicine and water treatment. However, creating libraries of modular and versatile polymers that can be readily
integrated within existing materials remains challenging, hence restricting applications inspired by their buffering capacity.
Herein, we propose the use of metal-phenolic networks (MPNs) as tunable buffering systems and through mechanistic studies
show that their buffering effects are driven by pH-responsive, multivalent metal-phenolic coordination. Owing to such
supramolecular interactions, MPNs exhibit ~2-fold and 3-fold higher buffering capacity than polyelectrolyte complexes and
commercial buffer solutions, respectively. We demonstrate that the MPN buffering effects are retained after deposition onto
solid supports, thereby allowing stabilization of aqueous environmental pH for 1 week. Moreover, by using different metals
and ligands for the films, the endosomal escape capabilities of coated nanoparticles can be tuned, where higher buffering
capacity leads to greater endosomal escape. This study forms a fundamental basis for developing future metal-organic

buffering materials.

INTRODUCTION

Stimuli-responsive materials undergo phase/structural
transformation in response to external stimuli (e.g,
temperature,’-3 light,%> solvents,®-8 and electro/magnetic
fields®19). As an important subclass of stimuli-responsive
materials, pH-responsive materials have been applied in
diverse fields including drug delivery,'*-13 imaging,'4-16
separation processes,!718 surface functionalization,'%-22 and
agriculture.?32¢ Generally, pH-responsive materials have
acidic and/or basic moieties (e.g., carboxyl, pyridine,
sulfonic, phosphate, and amine) that are susceptible to
ionization (i.e., protonation or deprotonation) in response
to changes in the environmental pH. The pH buffering
capacity of pH-responsive materials at the nanoscale,
recently termed “nanobuffering effect”,?>2¢ varies in
magnitude depending on the buffering moieties and follows
both the Henderson-Hasselbalch equation and Debye-
Hiickel theory.?728 Studies thus far have exclusively
involved organic polymer systems.2-31 However, their
buffering effects and application have limitations relating to
difficulties in designing and synthesizing libraries of
modular and versatile polymers that can be readily
integrated within existing materials. As alternatives, metal-
organic hybrid systems are expected to allow for controlled
buffering strengths owing to the modular and dynamic
nature of the coordination bonds in such hybrid
systems.3233  Moreover, metal-organic systems offer

numerous routes for

materials.3435

engineering pH-responsive

Metal-phenolic networks (MPNs) are a class of hybrid
coordination materials that can be prepared from a wide
selection of building blocks.'® They can readily form
conformal coatings on diverse templates (e.g., colloidal
particles, planar/porous substrates, and microorganisms)
through the dynamic coordination between phenolic
ligands and metal ions.1?3637 Phenolic ligands that feature
several phenolic groups, such as tannic acid (TA), can
undergo varying degrees of (de)protonation. Therefore,
MPNs can transition dynamically, crossing different
coordination states. Such pH-responsive properties have
been widely applied in programmable capsule
degradation,3638-41  controlled drug delivery,*2-45 and
endosomal escape.#647 Although the dynamic nature of the
coordination bonds in MPNs is well recognized as the
underlying driving force for their pH-responsiveness,*®
fundamental and systemic studies on the buffering effects
that MPNs display are lacking. A key understanding of these
effects at the molecular level not only will provide
fundamental insights into buffering effects displayed by
metal-organic systems but also will provide guidelines for
developing tailorable metal-organic materials via altering
building blocks for emerging applications such as
intracellular pH sensors,?® antibody purification,?> and
enzyme cascade processes.*?



Herein, we assembled a series of MPNs in aqueous solution
as nanocomplexes and as their analogues in the form of
(mono-, bis-, tris-complex, aggregates, and their extended
networks) continuous macroscopic thin films immobilized
on substrates (including polycarbonate membranes and
polystyrene nanoparticles (PS-NPs)). The coordination
interactions within the MPNs (i.e, which occur at the
nanoscale) allowed the exploration of the buffering
mechanisms and their applications as solid-state buffers in
bulk solution (i.e, macroscopic) and biological
environments (i.e., microscopic), as demonstrated by the
buffering of environmental pH and endosomal escape
capability, respectively. As depicted in Scheme 1, the
buffering effects of MPNs (in the form of both
nanocomplexes and substrate-confined thin films) are
driven by the pH-responsive and dynamic nature of the
multivalent metal-phenolic coordination; that is, the MPNs
act as a supramolecular buffer to maintain the
environmental pH via altering coordination states. The
MPNs displayed a stronger buffering capacity than either of
the constituent building blocks (i.e., metal ions and phenolic
ligands) and some commercial buffer solutions (e.g., sodium
acetate (NaOAc)). In addition, careful selection of the
building blocks enabled modulation of the buffering effects
of the MPNs. Moreover, such buffering effects remained
effective even after immobilization of the MPNs on a
substrate, thereby affording MPN-coated materials as
promising “solid-state buffers” capable of controlling the pH
of aqueous environmental and biological systems. These
findings demonstrate the potential of metal-organic hybrid
materials in buffering and their subsequent applications.
RESULTS AND DISCUSSION

Different phenolic ligands (e.g., TA, gallic acid (GA), and
pyrogallol (PG), Figure S1A) and metal ions (e.g., Cu¥, Fell|,
and Al"; Figure S1B) were studied to examine their
influence on the buffering effects of the corresponding

Scheme 1. Buffering Effects of MPNs
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MPNs. Firstly, titration studies were conducted to
investigate the buffering capacity of TA/Fe!l complexes
prepared by conventional coordination-driven assembly.1?
The buffering capacity () was calculated using the
following formula:50

An
B=mom e

where An is the change in molar concentration of hydroxide
ions (OH-) with the corresponding change in pH (ApH). As
the equivalence point on the titration curve appeared at
around pH 6 for all samples examined (i.e.,, TA, Fe', and
TA/Felll complexes (Fe':"TA molar ratio of 1.5:1) (except for
the blank (water) owing to its lack of buffering capacity), the
buffering capacity was determined by the amount of NaOH
required to reach pH 6 from the initial pH of each sample.
Compared with water, TA alone exhibited slightly better
buffering capacity because of its weakly acidic nature that
allows proton (H*) donation to buffer incoming OH- (Figure
1A and 1B and Figure S2).5' Free Fe'l (i.e., FeCl3-6H20
solution) displayed a comparable buffering capacity to TA;
the buffering effect is due to the gradual displacement of the
hydration layer around Fe! by OH-. The buffering effect of
the Fell species is lost upon precipitation to Fe(OH)s (Figure
1A and 1B, Figure S2). In contrast, TA/Fe" complexes
showed the best buffering capacity to OH- (approximately
twice higher than that displayed by TA) (Figure 1A and 1B),
which can be attributed to multivalent metal-phenolic
coordination.?

The mechanism of the buffering was studied by liquid-jet X-
ray photoelectron spectroscopy (XPS). The carbon 1s (C1s)
electron binding energies of GA (a model phenolic ligand;
Figure S3) and GA/Fe' complexes in solution were
examined to determine the deprotonation degrees and
metal binding modes. At pH 9.5, carboxylic C1s of free GA
(i.e., 1C in Figure S3) displayed a downshift of 0.81 eV
compared to that of aromatic and aliphatic carboxylic acids

Lower Degree of Coordination
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MPNs exhibit buffering effects by adjusting the degree of metal-phenolic coordination. Buffering of the incoming H+ is achieved
by pronation and switching to a lower degree of coordination (i.e., mono- and bis- dominant coordination states), whereas buffering
of OH- is achieved by deprotonation and transition to a higher degree of coordination (i.e., bis- and tris-dominant coordination
states). Red circles highlight representative examples of mono, bis, and tris coordination.
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Figure 1. (A) Titration curves as a function of NaOH added and (B) buffering capacity of water (blank), TA (240 uM), FeClz-6H20
(370 uM), and TA/Felll complexes (prepared from 240 uM TA and 370 uM Fe!!l i.e., Fell:TA molar ratio of 1.5:1). **p < 0.01 and ***p
< 0.001 with 95% confidence level from unpaired t-test and ordinary one-way ANOVA, respectively. C1s liquid-jet XPS spectra of (C)
GA and (D) GA/Felll complexes at different pH; the shifts in electron binding energy are due to deprotonation (C) and binding (D) of
Felll, (E) Titration curves as a function of NaOH added and (F) buffering capacity of TA/Felll complexes prepared at different Felll: TA
molarratios (0:1, 0.5:1, 1.5:1, 3:1, and 6:1 achieved by mixing 240 uM of TA with 0, 123, 370, 740, and 1480 pM of Felll, respectively).
ns, not significantly different; *p < 0.1 with 95% confidence level from unpaired t-test; ***p < 0.001 with 95% confidence level from

ordinary one-way ANOVA.

(~1.1 eV) reported in the literature,5253 as a result of GA
deprotonation (Figure 1C, Table S1). Upon metal-phenolic
complexation (i.e, GA/Fel), the C1ls binding energies of
ligand carbons (i.e.,, 1C-7C in Figure S3) decreased further
at pH 9.5 (Figure 1C, 1D, Table S2), implying the combined
effects of further deprotonation, metal-phenolic
coordination, and/or carboxylic bridging. Furthermore, at

pH 2.5, the GA/Fe! system displayed the most significant
increase of electron binding energy at 5C position (among
4C, 5C, and 6C positions) (Figure 1C, 1D, Table S3), whereas
when the pH was increased to 9.5, the GA/Felll system
displayed comparable binding energies across the 4C, 5C,
and 6C positions (Figure 1D, Table S4). These results imply
transition of the GA/Fe!' coordination modes/complexes,



e.g, from mono- to bis-, and/or tris-complexes.1?5* The
comparable Cls electron binding energies (~290 eV)
observed among 4C, 5C, and 6C positions (Figure 1D, Table
S4) also support the diverse coordination modes at pH 9.5
through 4C, 5C, and 6C between GA and Fe!ll. Therefore,
from the XPS findings and an acid-base perspective, Fe!ll-
coordination not only induces enhanced deprotonation
degrees of the phenolic ligand but also enables the
formation of distinct coordination modes at different pH,
resulting in improved pH-buffering capacity compared with
that of the ligands alone.

Increasing the Felll-to-TA (Fel:TA) molar ratio improved
the buffering capacity of the TA/Fe'! complexes (Figure 1E,
1F). This result was supported by the reduced pKa values
observed with increasing Fe!':"TA molar ratios (Table S5).
When the Fel:'TA ratio was 0.5:1, the pKa value was 3.4,
which decreased to 2.6 when the ratio increased to 3:1. This
trend suggests a higher the level of acidity and a higher
propensity for proton donation. The higher amount of Fell
might induce the generation of a larger variety of complex
species in the system that are capable of buffering more
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OH- before reaching the tris-dominant coordination state
(Figure S4). This hypothesis was supported visually by the
color of the solution and UV-vis spectroscopy analyses. For
example, the red tris-state was observed at pH 5 and 6 when
the Fe!l:'TA ratios were 0.5:1 and 1.5:1, respectively,
whereas when the ratio increased to 3:1, the red tris-state
was observed at pH 9-10 (Figure S5). As observed from
Figure 1F, the buffering capacity of the TA/Fe!l! complexes
plateaued after the Fel:TA ratio reached 3:1, as most
catechol groups from TA were coordinated with Fe!ll at that
ratio (i.e., further addition of Fe'l would not result in the
generation of more complexed species) (Figure 1F). TA/Felll
complexes prepared at the same Fell:TA ratio via oxidation-
mediated coordination assembly>> exhibited a similar
buffering capacity, implying that the buffering capacity is
related to the inherent chemical properties of the MPNs
rather than their physical properties arising from the
fabrication method (Figure S6).

The buffering capacity of the TA/Fell complexes was
proportional to the amounts of TA and Fel, while
maintaining the same Fe:TA ratio (Figure 2A). In addition,
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Figure 2. (A) Buffering capacity of TA/Felll complexes as a function of TA concentration while maintaining a constant Fell: TA molar
ratio of 1.5:1. (B) Buffering capacities of TA/Felll complexes and commercial NaOAc at different TA concentrations. The TA
concentration was varied from 0.24 to 12 mM, while maintaining a constant Fell="TA molar ratio of 1.5:1. (C) Stability of the buffering
of MPNs, represented by the pH of the MPN solution (formed by mixing 1 mL of 24 mM TA and 1 mL of 37 mM Felll), upon addition
of NaOAc or MOPS buffer at varying buffer-to-TA molar ratios (2 mL of 0, 10, 20, 50, and 100 mM buffer). (D) Titration curves of PAA
(95 uM), PAH (37.4 uM), and PAA-PAH complex (obtained via mixing of 95 uM PAA and 37.4 pM PAH) as a function of NaOH addition

and their corresponding buffering capacity profiles (inset).



as observed from Figure 2B, at the concentrations studied,
TA/Felll exhibited significantly better buffering behaviors
(~4-fold higher) than NaOAc, a typical buffer solution with
a comparable buffering range (i.e., pH 4.0-5.5). The stability
of MPN buffering effects was also explored by adding
commercial buffer solutions (NaOAc and 3-(N-morpholino)
propane sulfonic acid (MOPS)) to MPN solutions, followed
by subsequent pH measurements. As observed in Figure 2C,
TA/Felll showed an initial pH of 2, which was maintained at
pH 2.5 after adding NaOAc (pH 4.3, NaOAc:TA = 8:1) and
raised to pH 3.4 after adding concentrated MOPS (pH 7,
MOPS:TA = 8:1). These observations demonstrate the
negligible disturbance of other buffer solution on the
buffering effects of MPNs.

To wvalidate the dominant role of metal-phenolic
coordination on buffering, we examined other
supramolecular systems in which coordination modes are
absent. Two representative polyelectrolytes (polyacrylic
acid (PAA), poly(allylamine hydrochloride) (PAH)), and
their supramolecular complexes (PAA-PAH) were chosen
as controls. Their concentrations were adjusted so that the
molar amount of their -NHz or -COOH groups matched the
molar amount of the phenolic groups of TA (30 umol). PAA
and PAH are both widely used to assemble layer-by-layer
thin films through electrostatic interactions and hydrogen
bonding.5657 Relative to PAA, PAA-PAH complexion
resulted in a reduction of 24% in the buffering capacity
(Figure 2D), implying that the synergistic buffering effects
displayed by TA/Fel complexes were due to the dynamic
metal-phenolic coordination that can transition between
different coordination states in the MPN system.

To further examine the stability of the buffering capacity of
MPNs when deposited onto substrates, TA/Fe!l-coated
polycarbonate membranes were engineered into solid-state
buffers to mitigate acidification of aqueous solutions. The
solid-state buffers were obtained by coating polycarbonate
membranes with TA/Fe!l and subsequently increasing the
pH to promote the coordination between TA and Fe!ll in bis-
and tris- dominant states. As observed from Figure 3A and

3B, the pH of water treated with the solid-state MPN buffer
remained relatively constant at ~7, whereas that of pure
water and water treated with an uncoated membrane
decreased from 7.5 to ~5 after 1 week. A decrease in the pH
of water is typically observed because of the increased level
of dissolved carbon dioxide upon contact with the
atmosphere. Following the incubation test of the solid-state
buffer, the TA/Fell complexes remained mainly on the
substrate (e.g., polycarbonate membrane and glass slide), as
confirmed by the preservation of a ligand-to-metal charge
transfer band between 500 and 600 nm in the UV-vis
spectrum of the coated glass slide along with the consistent
surface properties and elemental compositions displayed
by the coated membranes before and after the incubation
test, while the released TA might be from unbound TA
molecules (Figures 3C, S7, and S8).In addition, the solid-
state MPN buffer could reduce the acidity of dilute
hydrochloride acid (1 mM HCI) and raise the pH from 3.6 to
5.1 (Figure S9), with the magnitude of pH modulation
controlled by the number of MPN layers deposited on the
membrane.

Owing to the vast library of building blocks from which
MPNs can be assembled, the ligand and metal dependence
of the buffering of MPNs were examined. To explore the
effect of phenolic ligands with different functional groups,
GA/Felll, PG/Fell, and TA/Felll complexes were prepared
with the same molar ratio of phenolic groups. PG/Fe!l and
TA/Felll displayed similar buffering capacity (Figure 4A)
because of the same functional chemical moieties (i.e., -OH)
present in these complexes (Figure S1A). In contrast,
GA/Fe!l! complexes exhibited a higher buffering capacity
(1.6-fold; Figures 4A and S10A) despite having a
comparable experimental pKa value to those of PG/Fe!' and
TA/Felll' complexes (Table S6). This higher buffering
capacity could be attributed to the carboxylic acid groups of
GA that can provide additional binding sites for the Fe!ll
species (Figure S10B).58 The different buffering capacities
displayed by GA/Fe'l and TA/Fell!l complexes were also
reflected by the color of the respective complex solutions.
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Figure 3. (A) pH of water (5 mL) as a function of incubation time (days): water treated with a TA/Felll-coated membrane or an
uncoated membrane or without a membrane. (B) Photographs of the corresponding water solutions subjected to the different
treatments. Scale bars are 2 cm. (C) Scanning electron microscopy images of the uncoated, TA/Fel!ll-coated, and used membranes.
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Figure 4. Buffering capacity of (A) Fell-based MPNs formed by complexing Felll with different phenolic ligands. The concentrations
of Felll, PG, GA, and TA are 370, 2400, 2400, and 240 pM, respectively. Insets are photographs of the solutions of the Felll-based MPNs
with different phenolic ligands displaying pH-dependent color patterns. (B) Buffering capacities of TA and TA-based MPNs formed
by complexing TA with different metals. The concentrations of TA and the metal ions were 240 and 370 pM, respectively.
Representative confocal laser scanning microscopy (CLSM) images and corresponding color scatter plots of MDA-MB-231 cells
incubated with pristine PS-NPs or PS-NPs coated with (C) Felll-based MPNs with different phenolic ligands or (E) TA-based MPNs
with different metal ions for 4 h at a particle-to-cell ratio of 3000:1. NPs (green) were fluorescently labeled. Endo/lysosomes (red)
were stained with LysoTracker Red. Nuclei (blue) were stained with Hoechst 33342. The dashed lines in the merged CLSM images
indicate the cellular boundaries based on the corresponding bright-field images (Figure S14). Scale bars are 20 um. Percentage of
colocalization with endo/lysosomes of pristine PS-NPs and PS-NPs coated with (D) Felll-based MPNs with different phenolic ligands
or (F) TA-based MPNs with different metal ions. ns, not significantly different; *p < 0.1 with 95% confidence level from unpaired ¢t-
test; **p < 0.01 with 95% confidence level from ordinary one-way ANOVA.



The red tris- dominant state was observed at around pH 6
for TA/Fel'complexes and at pH 8-9 for GA/Fe!l' complexes
(Figure 4A insets).

The effect of metals on the buffering capacity of MPN
complexes was investigated by complexing TA with
different metals (Cu", Al'", or Fe!"). A metal-to-TA molar
ratio of 1.5:1 was selected because of the higher coating
compatibility (i.e, without precipitation/aggregation;
Figure S5A) achieved with all examined metals at that ratio
when compared with other ratios. As illustrated in Figures
4B and S11A4, the buffering capacity decreased in the order
of TA/Felll x TA/AIM >> TA/Cul' > TA. This trend suggests
that metals with higher coordination coefficients are likely
to coordinate with a greater amount of catechol groups
stoichiometrically and form tris-complexes, allowing for
more diverse coordination states to exist in the MPN system
(Figure S11B, Table S7).

The ability to control the buffering of MPNs through the
choice of specific metals and ligands could allow for the
engineering of target environmental responses, e.g., tunable
endosomal escape behavior. Endosomal escape has been
regarded as a key bottleneck for cytosolic delivery of
therapeutic cargos.#¢ Controlling endosomal escape offers
opportunities for safe and effective intracellular delivery,
and potentially optimal therapeutic outcomes.>® Therefore,
we further examined different MPN systems (different
ligands and metals) to determine whether their
nanobuffering potential influences their endosomal escape
properties. The colocalization of MPN-coated PS-NPs
(PS:NPs@MPNs) with endo/lysosomes was evaluated
where the PS-NPs were labeled with green fluorescence and
the endo/lysosomes were stained with LysoTracker Red.
Pristine PS-NPs could not escape from endo/lysosomes, as
indicated by the large proportion of yellow region under
CLSM (nearly ~100% of colocalization). In contrast, coating
of the PS:NPs with PG/Fell, TA/Fe', or GA/Fell enabled
endosomal escape without altering the cell viability, as
indicated by the separate green and red regions in the CLSM
images and a significantly lower percentage of
colocalization (<10%; Figures 4C, 4D, and S12A, S13).
Among the MPN-coated PS:NPs, PS-NPs@GA/Fe!! showed
the lowest percentage of colocalization with
endo/lysosomes (~3%) (Figure 4D), suggesting the highest
endosomal escape ability correlates with the highest
buffering capacity (Figure 4A). The negligible difference in
the percentage of colocalization between PS-NPs@TA/Felll
and PS:NPs@PG/Fe!l (~7% and ~8%, respectively) is also
consistent with the negligible difference in buffering effects
displayed by the two systems (Figure 4A). Comparison of
the PS:NPs coated with MPNs of different metal ions
revealed the same trend as the MPNs composed of different
ligands, namely that higher buffering capacity correlated
with greater endosomal escape. Specifically,
PS:NPs@TA/Cu" had significantly higher co-localization
(i.e., a lower degree of escape) than PS-NPs@TA/Fe!ll or
PS:NPs@TA/AIM (~27% vs <10%; Figure 4E, 4F, and S12B).
Collectively, these results demonstrate that the buffering
effects of MPNs can be tailored through the choice of the
building blocks and that this control can influence their
endosomal escape properties.

CONCLUSION

We explored the fundamental chemistry underlying the
buffering effects of MPNs. This allowed us to examine how
the building block choice influences buffering in metal-
organic systems, where we observed that stronger
chelating metals, and ligands with higher binding strengths
both increase the buffering capacity. Specifically, the
synergistic effects from pH-responsive multivalent metal-
phenolic coordination endowed the MPNs with significantly
better buffering capacity than the corresponding building
blocks, that is, the ligands and metal ions. Altering the
building blocks of the MPNs afforded modular control over
the buffering of MPNs by adjusting the degree of metal-
phenolic coordination and of the different coordination
modes for multistage transitions. Moreover, the buffering
effects of the MPN complexes were preserved after their
immobilization on solid surfaces, and pH modulation in
both simple and complex aqueous conditions could still be
achieved. For example, we demonstrated that the buffering
capacity of different MPNs can modulate the endosomal
escape properties of coated nanoparticles, where stronger
buffering materials yielded higher endosomal escape. This
study also provides fundamental insights into metal-
organic systems and will facilitate the design of materials
capable of controlling the pH in various environments
ranging from intracellular compartments to water bodies.

EXPERIMENTAL SECTION

Materials. TA, GA, PG, FeCl3-6H20, FeCl>-4H20, AlCl3-6H:20,
CuCl2-4H20, NaOAc, NaOH, Dulbecco’s phosphate-buffered
saline (DPBS), MOPS, phenazine methosulfate, PAA (Mw =
6000), and PAH (Mw =15 000) were purchased from Sigma-
Aldrich (USA). Polycarbonate membranes with pore sizes of
~0.4 um were purchased from Merck. Dulbecco’s modified
Eagle’s medium (DMEM), LysoTracker Red DND-99, 2,3-
bis[2-methoxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-
carboxyanilide inner salt, and trihydrochloride (Hoechst
33342, 10 mg mL-') were obtained from Life Technologies.
Green fluorescent PS-NPs (285 * 8 nm, 2.5% w/v) were
purchased from microParticles (GmbH). All chemicals were
used as received without further purification. The pH values
of the solutions were measured with a Mettler-Toledo
MP220 pH meter. Milli-Q water with a resistivity greater
than 18.2 MQ cm was obtained from a three-stage Millipore
Milli-Q plus 185 purification system (Millipore Corporation,
USA). All aqueous solutions were filtered with 220 nm
diameter membranes before the cell experiments.

Buffering Capacity of TA/Fe'll Complexes Obtained from
Discrete Assembly. The buffering capacity of TA/Felll
complexes, obtained by discrete assembly, was evaluated
by titration. TA (50 uL, 24 mM) and 50 pL of FeCl3-6H20 (37
mM) were successively added to 4.9 mL of Milli-Q water
(corresponding to an Fe!l-to-TA molar ratio n (Fe!''):n (TA)
= 1.5:1), followed by stirring for 1 min Then, 0.1 M NaOH
was added dropwise to the suspension under stirring, and
the corresponding pH was measured. To achieve different
Fell:TA molar ratios (i.e., 0.5:1, 3:1, and 6:1), the amount of
TA remained the same while the concentration of
FeCl3:6H:0 was adjusted to 12.3, 74, and 148 mM,
respectively. The following solutions were used as controls:
5 mL of Milli-Q water, 50 pL of TA (24 mM) in 4.95 mL of
Milli-Q water, and 50 pL of FeCl3-6H20 (37 mM) in 4.95 mL
of Milli-Q water. The buffering capacity was calculated using



Equation 1. To estimate the pKa. values of the MPN
complexes, the equivalence point was first identified. The
pH corresponding to the half-equivalence point was
estimated as the pK..

Preparation of TA/Fe' Coatings on Polycarbonate
Membranes. Polycarbonate membranes were immersed in
3 mL of TA (4.8 mM) solution, followed by addition of 3 mL
of FeCl2-4H20 (48 mM) solution. The mixed solution was
shaken at 80 rpm on a platform mixer for 20 h. The pH was
then increased by adding 1 mL of NaOH (0.1 M). The
obtained TA/Fel-coated membranes were thoroughly
rinsed by Milli-Q water and dried under a stream of air.

Liquid-Jet XPS Measurements. The Cls photoelectron
spectra were recorded using the SOL3PES experimental
setup at the U49/2-PGM-1 beamline at the synchrotron
radiation facility BESSY II in Berlin, Germany.®® The
detection of the photoelectrons was carried out in magic-
angle geometry, i.e. the angle between the polarization
vector of the X-ray beam and the Scienta Omicron R4000
HiPP-2 hemispherical electron analyzer was 54.7°. In this
geometry, photoelectron angular distribution effects are
negligible, and differential ionization cross-sections are
directly proportional to the total ionization cross-section,
allowing comparison of the peak areas of different Cls
photoelectron peaks. The liquid jet was produced by
injecting the aqueous GA solutions through a nozzle of fused
silica with an inner diameter of 25 um. A flow rate of 1 mL
min-! was maintained at a pressure of approximately 4 bar
using a high-performance liquid-chromatography pump
(Techlab Model Economy). The temperature of the
solutions prior to injection was 20 °C, which was controlled
and set by a refrigerated/heating circulator (Julabo
F12/ED). The interaction with the X-rays occurred
approximately 0.5 mm from the top of the glass capillary. At
that location, the liquid jet follows the laminar flow regime.
Further downstream (~1 cm, depending on the nozzle
diameter, flow rate, and liquid), the flow turns turbulent,
and finally at several centimeters downstream, the jet
breaks into droplets. These droplets are caught by a cold
trap, a metal cylinder filled with liquid nitrogen, minimizing
the gas load from the evaporating liquid. During
measurements, the pressure inside the vacuum chamber
was ~8 x 10-* mbar, which was maintained using a
turbomolecular pump (Pfeiffer 1600 L s-1) and one
additional liquid-nitrogen cold trap.

The energy resolution of the U49/2-PGM-1 beamline was
better than 260 meV at 850 eV photon energy used for the
C1ls measurements. Together with the resolution of the
electron analyzer of 450 meV at 200 eV pass energy, the
total energy resolution in our experiment was
approximately 520 meV. The focal size of the X-ray beam
was 80 x 50 um?, in the same order of magnitude than the
liquid jet diameter. The distance between the interaction
point and the electron analyzer entrance (an orifice of 500
pm in diameter) was approximately 500 pm. This short
distance ensures that the emitted photoelectrons reach the
entrance without significantly interacting/scattering with
the surrounding gas sheet of the jet. Further details on the
SOL3PES setup and the liquid jet method can be found
elsewhere.61.62

Characterization. The surface of the membranes with and
without MPN coatings and their elemental composition
were characterized by scanning electron microscopy and
energy-dispersive X-ray spectroscopy mapping. UV-vis
absorption measurements were carried out on a Varian
Cary 4000 UV-vis spectrophotometer.

Cell Culture. Human breast adenocarcinoma cell line
(MDA-MB-231) was purchased from the American Type
Culture Collection. MDA-MB-231 cells with a low passage
number (between 27 and 50) were cultured in complete
DMEM supplied with 10% fetal bovine serum (FBS) at 37 °C,
5% COz, and 95% humidity.

MPN Coating on NP Templates for Colocalization
Studies. All aqueous solutions were prepared freshly prior
to use. Before coating, 50 puL of green fluorescent PS-NPs
suspension was washed twice with Milli-Q water via
centrifugation (10 000 g, 10 min) and subsequently
dispersed in 440 pL of Milli-Q water. To prepare TA-based
MPN coatings with different metals, 5 pL of FeCl3-6H20,
AlCl3-6H20, or CuCl2-4H20 (37 mM) and 5 pL of TA (24 mM)
were successively added to the suspension followed by
brief vortexing and sonication after each addition to avoid
aggregation. The pH of the suspension during assembly was
controlled to 5 by adding 500 pL of NaOAc (100 mM). The
mixed suspension was vortexed for 1 min and allowed to sit
undisturbed for 5 min to achieve sufficient film formation
and adherence. The coated NP suspension was then washed
three times with 1 mL of Milli-Q water (10 000 g, 10 min)
and finally dispersed in 500 uL of DPBS for subsequent cell
experiments. Fell-based MPN coatings with different
phenolic ligands were prepared by using the same protocol
except that the following precursor solutions were used
instead—50 pL of FeClz-6H20 (37 mM) and 5 pL of PG (240
mM), or 50 pL of GA (24 mM). These amounts were chosen
so that these ligands have the same number of moles of the
phenolic groups.

Colocalization by CLSM. MDA-MB-231 cells were seeded
in an 8-well Lab-Tek-Chamber slide at a density of 30 000
cells per well in 400 pL of DMEM supplied with 10% FBS for
20 h. After incubation, the culture media was removed and
replaced with 200 pL of fresh media to reduce the
sedimentation distance for NPs. Then, a series of
PS-NPs@MPNs were added to the cells at a density of
3000:1 (NP-to-cell ratio) and incubated for 4 h. To
investigate the endosomal escape of the NPs, the cell sample
was gently washed twice with 400 pL of DPBS to remove
excess NPs, and the endo/lysosomal compartment was
stained with LysoTracker Red (final concentration of 100
nM in the complete cell media) for 1 h following the
supplier’s protocol. After incubation, cells were gently
washed three times with DPBS and incubated with Hoechst
33342 (1 pg mL-1) for 10 min to stain the nucleus. Then, the
cells were live-imaged using a Nikon A1R confocal
microscope with a 40x water immersion objective. To
quantify the correlation between green and red
fluorescence signals, Pearson’s correlation coefficient (PCC)
values and color scatter plots were obtained using the WCIF
Image] software. To quantify the percentage of
colocalization, WCIF Image] software was used to identify
the colocalized regions (i.e., regions of yellow). Then, the
ratio of the area of the yellow regions to the total area of



green and yellow regions was calculated as the percentage
of colocalization. Five representative cell images (cell count
>50) were used to calculate the PCC values and the
percentage of colocalization, and the results are presented
as means * standard deviations. When the cell count
increased to 100, the colocalization percentage was 9 + 3%,
which is not statistically different from the colocalization
percentage obtained with a lower cell count (=50).
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