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ABSTRACT: The development of a fluorescent probe for a specific ¢ _Ligands Previously known

metal has required exquisite design, synthesis, and optimization of &,@@ ) o i
fluorogenic molecules endowed with chelating moieties with heteroatoms. < Discovered in this work |]

These probes are generally chelation- or reactivity-based. Catalysis-based P—@F)

fluorescent probes have the potential to be more sensitive; however, 1 p : 3

catalytic methods with a biocompatible fluorescence turn-on switch are ° @ Endogenous
rare. Here, we have exploited ligand-accelerated metal catalysis to _ Cuin live
repurpose known fluorescent probes for different metals, a new approach I K: 2 o ’ cells

in probe development. We used the cleavage of allylic and propargylic L J

ethers as platforms that were previously designed for palladium. After a o R2P—©—NM62

single experiment that combinatorially examined >800 reactions with two
variables (metal and ligand) for each ether, we discovered a platinum- or
copper-selective method with the ligand effect of specific phosphines. Both metal—ligand systems were previously unknown and
afforded strong signals owing to catalytic turnover. The fluorometric technologies were applied to geological, pharmaceutical, serum,
and live cell samples and were used to discover that platinum accumulates in lysosomes in cisplatin-resistant cells in a manner that
appears to be independent of copper distribution. The use of ligand-accelerated catalysis may present a new blueprint for engineering
metal selectivity in probe development.

B INTRODUCTION screened 96 combinations of metals and ligands in less than a
week.'" Additional examples of similar high-throughput
screenings have been reported.'”” "> Inspired by the successes
in the catalysis field for ligand-accelerated reactions, we

Increasing demands for detecting and quantifying heavy metals
in science, engineering, and medicine require faster and less
expensive methods. Quantifications of heavy metal continue to

rely on atomic absorption spectroscopy and inductively hypothesized that it would be plausible to develop novel
coupled plasma mass spectroscopy (ICP-MS), which are metal-selective detection methods through combinatorial
expensive, time-consuming, and incompatible with on-site screening of metals and ligands (Figure 1b). We envisioned
analyses.l’2 The use of fluorescence offers an inexpensive, fast, that a repurposing approach would bypass lengthy chemical
and on-site approach, with catalysis-based probe rivalling synthesis to enable more widespread implementation. In this
instrumental techniques for sensitivity. work, two probes for palladium, allyl Pittsburgh Green ether'®

Reactivity-based fluorescent probes® recently garnered (APE, Figure 2a) and propargyl Pittsburgh Green ether'’
enormous interest."”” Generally, a specific functional group (PPE, Figure 2b), are repurposed to selectively detect platinum

is installed in a fluorescent molecule to mask the fluorescence,
and a chemical reaction with an analyte induces a structural
change to emit fluorescence (Figure 1a). Substantial efforts are
required to synthesize fluorescent probe candidates. As a
departure from the well-established one-at-a-time approach,
the Chang group employed a diversity-oriented synthesis,
yielding multiple detection systems.'® In their approach, a
library of probes was subjected to a library of potential analytes Received:  May 26, 2020
to discover a probe—analyte pair. However, the implementa- Published: September 18, 2020
tion of this approach in other laboratories remains to be seen,
possibly due to the intensive synthetic work required.

Meanwhile, the catalysis field witnessed advances by using
high-throughput screenings. For example, the Burgess group

or copper.

Combinatorial screening of metals and ligands capitalizes
upon the growing list of commercially available ligands to
repurpose previously developed probes for new metals.
Although intramolecular ligand effects were exploited in
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Figure 1. (a) General approach. A fluorescent molecule is derivatized
into quenched molecules though chemical synthesis. Each metal-
quenching moiety match generates fluorescence. (b) This work. One
quenched molecule is screened against a combinatorial library of
metal—ligand complexes. A specific metal generates fluorescence only
in the presence of a specific ligand.

. 18,19 . .
some instances, '~ external-ligand-accelerated catalysis has

not been used to achieve metal selectivity.

We focused on platinum and copper for two reasons. First,
intracellular and solid tumor/organ accumulation of both
metals plays an important role in human disease processes.”””"
Second, the two metals are linked in tumor cells; cisplatin
dynamics and resistance have been linked to differential
expression and activity of copper transporters.22 Therefore,
there is a critical need to develop imaging techniques for
cisplatin and copper in live cells, with a spatial resolution
compatible with subcellular organelles.

B RESULTS AND DISCUSSION

Initial Screening. To test our hypothesis that novel metal
selectivity can be discovered by a ligand—metal combinatorial
approach, commercially available ligands 1—-36 (Figure 2e)
were added to mixtures of APE or PPE and metal ions in
DMSO/pH 7 buffer (1:9) at 25 °C. Not surprisingly, many
reaction conditions with palladium facilitated both the
deallylation (Figure 2c) and depropargylation (Figure 2d)
reaction. Hits were validated or invalidated as described in
Figures S1 and S2. We discovered that the fluorescence signal
from the reaction of platinum and APE in the presence of
tris(4-fluorophenyl)phosphine 13 (TFPP) was the most
prominent, in which the signal was 40-fold higher than the
background signal and 10-fold higher that the corresponding
signal from palladium. Because palladium is generally the most
effective metal for allylic C—O bond cleavage,” it is striking
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that TFPP rendered platinum more reactive than palladium for
such cleavage. Phosphines 12, 18, and 34 also facilitated the
deallylation, with the signal-to-background (S/B) ratios of 4.7,
4.5, and 11, respectively (Table S1). Five para-substituted
phosphines, TFPP (13), 15, 18, 19, and 34 (F, OCH,;, CH,,
CF;, and H, respectively), generated the S/B ratios of 40, 1.0,
4.5, 1.1, and 11 with platinum. The Pt-TFPP catalysis was 4
times faster than the previously reported Pt-Ph,P catalysis.”*
Bidentate phosphines, such as phosphine 11 (see Figure S3 for
the proof for binding mode), did not facilitate the deallylation
of APE.

With PPE, although palladium is generally the primary metal
for propargylic C—O bond cleavage,'” we discovered that
copper ions greatly increased the fluorescence signals in the
presence of 4-(dimethylamino)phenyldiphenylphosphine
(DMAPPP, 9). This phosphine did not render other metals,
including palladium, reactive toward PPE. Copper-catalyzed
propargylic C—O bond cleavage has been known in synthetic
chemistry, but the ligands were mostly amines or amine—
phosphine hybrids and were designed for stereoselectiv-
ity.”>~*’ Additionally, fluorescent probes for copper ions are
primarilgr based on sulfides and amines as the binding
motifs.”"~** The reaction of copper with PPE in the presence
of phosphines 2, 15, 18, and 34 resulted in a fluorescence
increase of 2-fold or more (Table S2). It appears that electron-
rich phosphines were more effective. Importantly, these data
support the aforementioned hypothesis, laying the foundation
for a new platform for probe development. While the screening
data present opportunities for other metal detection and
catalysis, in this work, we decided to focus on platinum and
copper with APE and PPE, respectively, for the biological
reasons described below.

Method Optimization. Having discovered the Pt-TFPP
and Cu-DMAPPP systems, we sought to optimize them. For
the platinum method, we studied the effect of the salts, pH,
temperature, and TFPP concentration. At pH 7, most salts
shown in Figure 3a increased the reaction rate compared to no
added salt, although none were better than the potassium
phosphate buffer. There was little anion interference, except in
the case of Br~ and I". As for the effect of pH, pH 7.8 is
optimal (Figure 3b); the observed differences in the
fluorescence intensity are not an artifact of the fluorescence
of the released fluorophore at different pH values since the
fluorescence of Pittsburgh Green is pH independent in the
range tested.”> An increase in temperature also enhanced the
reaction rate (Figure 3c). Figure 3d reveals that the reaction
rates increased linearly, plateaued, and dropped as the TFPP
concentrations increased. The rate decrease may be attributed
to the formation of coordinatively saturated, catalytically
inactive platinum species. This was further corroborated by
the observation that Pt(PPh;), was ineffective at catalyzing the
deallylation (Figure S4), reminiscent of the literature.*

To investigate the oxidation state of the reactive platinum
species, Pt(0), Pt(Il), and Pt(IV) were preincubated with
TFPP, to which APE was added. We used Pt(CH,=
CH,)(PPh;), as the Pt(0) species because Pt(PPh;), was
unreactive. The fluorescence signals from the three platinum
oxidation states overlapped (Figure 3e), suggesting that the
catalytically active species is likely Pt(0); various Pt(IV) and
Pt(II) species might be reduced by TFPP**" to the same
TFPP-ligated Pt(0) species.

Next, we studied the dynamics of platinum complexes by
means of *'P NMR spectroscopy and chose CDC, to dissolve

https://dx.doi.org/10.1021/acscentsci.0c00676
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Figure 2. (a) Fluorogenic conversion of APE to Pittsburgh Green. (b) Fluorogenic conversion of PPE to Pittsburgh Green. (c) The heat map of
the metal vs ligand screening for the conversion of APE to Pittsburgh Green. (d) The heat map of the metal vs ligand screening for the conversion
of PPE to Pittsburgh Green. For both heat maps, the colors indicate relative fluorescence intensities. Conditions: 1 #M metal, 20 uM APE or PPE,
200 uM ligand, 1:9 (v/v) DMSO/1.2 M phosphate buffer (pH 7.0), 25 °C, 2 h, n = 1. Row 37 contains no ligand. See Tables S1 and S2 for
quantitative data. (e) Ligands used for the screenings.

the hydrophobic platinum species (Figures 3f, SS, and S6). furyl); (S, used as a control) in either a 1:2 or 1:4 mol ratio,
The platinum complex cis-37 was treated with TFPP or P(2- affording a mixture of cis-CL,Pt(PPh;)(TFPP) and cis-Cl,Pt-
1774 https://dx.doi.org/10.1021/acscentsci.0c00676
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Figure 3. Optimization of reaction conditions for selectivity and sensitivity of APE toward Pt. n = 3. (a) Relative fluorescence intensity with various
salts. Conditions: 510 nM Pt, 20 uM APE, 200 M TFPP, 1:9 (v/v) DMSO/125 mM salt, pH 7.0, 25 °C, 10 min. (b) Relative fluorescence
intensity at different pH values. Conditions: 510 nM Pt, 20 uM APE, 200 uM TFPP, 1:9 (v/v) DMSO/1.2 M phosphate, pH 7.0—9.0, 25 °C, 45
min. (c) Relative fluorescence intensity at different temperatures. Conditions: 250 nM Pt, 20 uM APE, 400 uM TFPP, 1:9 (v/v) DMSO/12 M
phosphate, pH 7.8, 30 min. (d) Correlation between the concentrations of TFPP and the deallylation rate of APE. Conditions: 510 nM Pt, 20 uM
APE, 1:9 (v/v) DMSO/1.2 M phosphate, pH 7.8, 25 °C, 1 h. n = 3. (e) Preincubation of various Pt species with TFPP. Conditions: 1 M Pt, 20
uM APE, 200 uM TFPP, 1:9 (v/v) DMSO/1.2 M phosphate, pH 7.8, 25 °C, n = 3. (f) Reactions of cis-37 with TFPP or P(2-furyl); in CDCl,.

(TFPP), (cis-38; see Figure S7 for the crystal structure) or a
mixture of cis-CL,Pt(PPh;)(P(2-furyl);) and cis-CLPt(P(2-
faryl);), (cis-39), respectively. TFPP was more efficient than
P(2-furyl), at displacing PPh; from cis-37 but was a weaker
ligand than PPh, for Pt(II). The weaker binding would
promote dissociation of the ligand, generating coordinatively
unsaturated, reactive platinum species in situ. TFPP not only
enhances the reactivity of platinum toward APE but also
suppresses that of palladium, which warrants further
mechanistic studies in the future. The unique ability of
TFPP to suppress the oxidative addition of Pd(0) has also
been observed by others.*®

To optimize the copper detection method for different
applications from those for platinum, we studied the effect of
cosolvent, pH, and buffer salt. To dissolve DMAPPP and active
pharmaceutical ingredients (APIs; see below for applications),
we tested N-methylpyrrolidone (NMP), DMSO, ethanol, and
acetonitrile as potential cosolvents and found that ethanol
interfered in the reaction the least (Figure 4a). Following this,
commercially available phosphate buffers (pH 5—8) were
diluted to a concentration of S0 mM. In the presence of PPE
and DMAPPP at pH 7 and 8, both Cu(I) and Cu(II) showed
nearly identical reactivity that correlated with pH (Figure 4b).
This indicated that, in the presence of DMAPPP, both the
Cu(1I) and Cu(I) species form the same phosphine-ligated
copper species. Subsequent experiments were performed using
only Cu(II) due to better stability.

We also tested the effect of the buffer salt on the reaction.
To make the copper detection method readily available, we
used only commercially available buffers; furthermore, on the
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basis of the results in Figure 4b, we tested buffers at or above
pH 8. Of the buffer salts listed in Figure 4c, the borate buffer
yielded the best result. The adjustment of the buffer
concentrations to 50 mM revealed that the effect observed
was due to the identity of the buffer salt and not the
concentration of the buffer salts (Figure 4d); the carbonate
buffer was not tested due to a lack of information from the
manufacturer regarding the concentration of the salts. There
was no difference in the fluorescence intensities when the
borate buffer and phosphate buffer were used at different
concentrations, but a dilution of the bicarbonate buffer
significantly increased the fluorescence intensity (Figure 4d).

To further optimize the reaction rate, we studied the effect
of both ethanol and DMAPPP concentration. As the
concentration of ethanol was lowered, the rate of the reaction
increased (Figure 4e). As the concentration of DMAPPP
increased, the reaction rate increased linearly and then
plateaued at higher concentrations (Figure 4f). We chose the
100—160 pM range for DMAPPP in further studies to
minimize data fluctuation derived from the actual DMAPPP
concentrations varying due to oxidation in air.

Metal Selectivity. Following our optimization experi-
ments, we revisited the selectivity of each method against other
metal ions. With APE, the optimized method was 12 times
((54.71 = 1.00)/(5.57 — 1.00)) more selective for platinum
over palladium (Figure Sa). To our knowledge, this is the first
example in which platinum is the most reactive metal with a
fluorescent probe. Additionally, only Cu(I) and Cu(II) could
convert PPE to Pittsburgh Green (Figure Sb).

https://dx.doi.org/10.1021/acscentsci.0c00676
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Figure 5. Relative reactivities of metals to (a) APE with TFPP or (b) PPE with DMAPPP. Conditions: 10 M metals, 20 uM APE, 200 uM TEPP,
1:9 (v/v) DMSO/1.2 M phosphate buffer, pH 7.8, 25 °C, 10 min, n = 3 or 1 yM metals, 20 uM PPE, 160 uM DMAPPP, 15:85 (v/v) EtOH/S00
mM borate buffer, pH 8.5, 26 °C, 20 min, n = 3.

Mechanism. The Pt-TFPP catalysis with APE presumably copper to liberate the propargylated nucleophile and copper

proceeds through the Tsuji-Trost-type mechanism.”> Our catalyst Cu-1. The greater efficiency of the fluorescence
working hypothesis for the Cu-DMAPPP-PPE system is shown method with higher pH may be explained by the faster
in Figure 6. Cu(Il) is reduced to Cu(I) by DMAPPP and deprotonation with a stronger base or nucleophilic attack on
forms the phosphine—copper complex Cu-1, which coordi- the terminal carbon or on the copper atom. Figure 1b indicates
nates with the alkyne to form copper acetylide Cu-2. With the that electron-rich phosphines are superior to electron-deficient
electron-rich phosphine, the elimination of ArO~ (Pittsburgh phosphines possibly because electron-rich phosphine can
Green) would be facile. Subsequently, the cumulene-type facilitate the cleavage of the propargylic C—O bond when
intermediate Cu-3 reacts with an unidentified nucleophile to Cu-2 is converted to Cu-3. Unlike other copper-catalyzed
form the copper acetylide Cu-4. A nucleophile then attacks the propargylation methods performed in aprotic solvents,” >’

1776 https://dx.doi.org/10.1021/acscentsci.0c00676

ACS Cent. Sci. 2020, 6, 1772—-1788


https://pubs.acs.org/doi/10.1021/acscentsci.0c00676?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c00676?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c00676?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c00676?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c00676?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c00676?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c00676?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c00676?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://dx.doi.org/10.1021/acscentsci.0c00676?ref=pdf

ACS Central Science

http://pubs.acs.org/journal/acscii

Research Article

propargyl Pittsburgh

Green ether (PPE)
UX Z OAr
/ Nu Ph. P/Cu H /\

~ B:
'i' Cu-4
c :Nu
"N ™ (2 OAr
Cu
Ph.l.“/c;l Ph.o~

“OAr Pittsburgh
Green

Figure 6. Proposed mechanism for the copper-catalyzed cleavage of
the propargylic C—O bond.

polydentate ligands did not accelerate the reaction in water in
this study. Therefore, the copper-catalyzed propargylic C—O
bond cleavage in water requires different ligand design
principles.

Applications of the Platinum Method. As discussed in
the Introduction, metal quantification currently requires
instrument-intensive techniques. We asked whether the new
fluorometric method could measure platinum concentrations.
Figure 7a shows that the APE-TFPP-Pt method is quantitative.
The limit of quantification (LOQ) and limit of detection
(LOD) of the method with a 1 h incubation, on the basis of
the standard error of the regressions, were 18.3 + 0.1 and 5.50
+ 0.04 nM, respectively. With a standard curve (Figure S8),
the turnover frequency was calculated to be 8.5 + 3.4 h™".
Because the method is catalysis-based, allowing the reaction to
proceed for longer periods of time might lower the LOQ and
LOD. We assessed whether the method could accurately
determine the concentrations of unknown samples. In a
double-blind format, we treated platinum samples in the same

manner as the samples for Figure 7a. The concentrations of
platinum were known to those who prepared the samples but
not known to the authors. We then generated a linear
regression and determined the percent recovery of the
unknowns. Percent recoveries (100% X experimental value/
theoretical value) ranged from ~90% to 115% in 4 of 6
samples, indicating that this method may be sufficiently
accurate (Table S3).

Having demonstrated the quantitative nature of the
technology with a simple matrix, we tested whether we could
quantify platinum in the presence of several metals in rock
extracts. After confirming the accuracy with a standard
procedure for metal extraction with aqua regia (Figure S10),
we attempted to directly detect platinum without the acid
digestion. Approximately 100 mg of several balled-milled rock
samples was mixed with a solution of APE and TFPP for 2 h;
platinum concentrations quantified by the fire assay were
mildly correlated with fluorescence intensities (Figure 7b).
This indicates that the fluorescence method has a potential to
be used on site for the direct (i.e,, no aqua regia) estimation of
platinum in ores.

We then turned to platinum in medicine. Cisplatin is the
most frequently used anticancer drug in the clinic and is used
to treat up to 50% of cancer patients.”” Despite this, clinicians
do not quantify cisplatin concentration in treated patients. A
method that could quantify cisplatin in serum samples on site
would allow clinicians to personalize dosage for patients. In
effect, the APE-TFPP method could detect cisplatin (Figure
S11). To determine whether the method can quantify clinically
relevant, protein-free platinum,*' ™ we precipitated proteins
from serum and spiked the serum with cisplatin; spiking
protein-free serum in this manner replicates clinically relevant
free, soluble cisplatin. Figure 7c shows a linear correlation
between cisplatin concentration and fluorescence intensity.
The LOQ and LOD of the method based on the standard error
of the regression were 410 + 8 and 120 + 2 nM, respectively,
which is comparable to atomic emission spectroscopy (LOD ~
260 nM platinum in sera').

Applications of the Copper Method. We monitored the
copper-catalyzed reaction with PPE over time (Figure 8a).
Using 200 nM Cu(II) and 20 uM PPE, we determined that,
after 1 h, the reaction product (Pittsburgh Green) was
produced at approximately 480 nM concentration and
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Figure 8. (a) Kinetic study to determine turnover frequency. Conditions: 200 nM CuSO,, 20 uM PPE, 160 uM DMAPPP, 15:8S (v/v) EtOH/500
mM borate buffer, pH 8.5, 30 °C, n = 3. (b) Copper concentration dependence to determine the limit of detection and limit of quantification.
Conditions: 20 uM PPE, 100 uM DMAPPP, 15:85 (v/v) EtOH/50 mM borate buffer, pH 8.5, 2 h, 25 °C, n = 8 for plate reader, n = 4 for
fluorometer. (c) Visualization of the relative concentrations of copper in drinking water samples. (d) Structures of compounds used in (e) and (f).
(e, f) Quantification of copper in drug-like samples. Conditions: 30 ppm (e) or 300 ppm (f) Cu(II) in the solid phase, 20 uM PPE, 160 yM
DMAPPP, 14.2:3.3:85 (v/v/v) EtOH/DMSO/500 mM borate buffer, pH 8.5, 24 °C, 1 h, n = 3. (g) Detection of copper in SOD. Conditions: 0 or
0.5 mg/mL SOD, 0.5 uM PPE, 10 yuM DMAPPP, 0.5:0.5:99 EtOH/DMSO/500 mM borate buffer, pH 8.5, 25 °C, n = 2. (h) Distribution of
copper between water and CHCl; in the presence of DMAPPP. Partition conditions: CHCl; and aqueous, pH 7 buffer, 0 or 5 uM CuSO, in H,O.
Analysis by fluorescence: 20 uM PPE, 160 uM DMAPPP, 15:85 (v/v) EtOH/S00 mM borate buffer, pH 8.5, 1 h, 25 °C, n = 3.

continued to be produced. Therefore, the turnover frequency
was 2.6 + 0.3 h™}, indicating that the method was catalytic.

Figure 8b shows the linear relationship between copper
concentration and fluorescence intensity. A linear regression
analysis using the standard error of the regression revealed the
LOD and LOQ to be 0.25 + 0.04 and 0.83 + 0.12 nM,
respectively, with a fluorometer.

We then applied the method to the detection of copper in
drinking water. The limit defined by the United States
Environmental Protection Agency for the concentration of
copper in drinking water is 20 M. We obtained three samples:
(1) drinking water filtered through a 14-week old water filter,
(2) drinking water filtered through a new, unused water filter,
and (3) unfiltered drinking water from a water fountain in our
building. We compared these with solutions containing 0 and 5
UM CuSO, in distilled ultrapure water as negative and positive

1778

controls, respectively, which showed a marked difference
(Figure 8c). We could visualize that all of the drinking water
samples contained copper. The unfiltered water was the most
fluorescent of the water samples, followed by the water filtered
through the 14-week old filter; the new, unused filter had the
lowest fluorescence intensity of the three samples, although it
was still more fluorescent than the negative control sample.
Importantly, the method could visually detect micromolar
concentrations of copper below the government’s mandated
limit.

The development of a high-throughput method to quantify
trace copper in synthetic samples would be a step toward
Principle 11 of the 12 principles of green chemistry.** The
federal guideline in the United States USP (232) indicates that
the copper concentration in the solid state of an API must be
below 300 ppms (ppm). To test whether the PPE-DMAPPP
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Figure 9. Rescreening ligands under biologically compatible conditions. (a) Heat map with APE and platinum. (b) Heat map with PPE and copper.
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method can quantify such low concentrations of copper in
drug-like material, we chose 12 commercially available
functionalized compounds (Figure 8d) treated with copper
at concentrations of 30 and 300 ppm in the solid phase (see
the Supporting Information for sample preparation). With the
final copper concentrations of 7.1 or 71 ng mL™" in the assay
solution, the fluorescence intensity correlated with the positive
control (“no drug” in Figure 8e,f) despite the presence of the
drug-like compounds, including N-acetylcysteine; the only
exception to this was with 2,2'-bipyridyl, which interfered with
the method. Excluding the 2,2'-bipyridyl, the average percent
recoveries for the samples with 30 and 300 ppm copper were
112 + 19% and 92 + 10%, respectively. These results were
consistent across repeated experiments. This result indicates
that the method may be applied in the pharmaceutical process
chemistry. We compared our method with ICP-OES for
imidazole and 2,2'-bipyridyl; although ICP-OES could
determine copper concentrations in the 300 ppm samples, it
failed to quantify the metal in the corresponding 30 ppm
samples. Thus, at least for these samples, the fluorometric
method is more sensitive than ICP-OES.

Next, we asked whether the PPE-DMAPPP method could
detect copper in three commercially available copper-
containing enzymes: superoxide dismutase (SOD), ascorbate
oxidase (AO), and bilirubin oxidase (BO). We reproducibly
observed that the fluorescence increased only in the presence
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of SOD (Figures 8¢, S12, and S13). Thus, compatibility with
copper-containing enzymes is enzyme specific. This may be
due to the accessibility of the enzyme-bound copper ions;
SOD has a substrate-binding site with copper that apparently
remains accessible,* while BO only transiently opens to allow
the substrate to bind.** Since AO and BO belong to the same
family of enzymes, a similar dynamic may apply to AO.""**

We became concerned that copper ions might be excreted
from cells when bound to DMAPPP. As a model system,
CuSO, was suspended in a biphasic system (aqueous pH 7
buffer and CHCl;) in the presence or absence of DMAPPP.
Despite our concern, the copper concentrations did not
increase in the organic phase when DMAPPP was present
(Figure 8h), indicating that the putative copper—DMAPPP
complex may not be membrane permeable or may not be
sufficiently stable.

Rescreening Ligands for Biological Compatibility.
Due to the low solubility of TFPP and DMAPPP in water that
proved to be incompatible with live cell imaging in our
preliminary studies, we rescreened metal ligands for reactivity
with APE and platinum or PPE and copper in Hanks’s
Balanced Salt Solution with 1% DMSO for 1 h. This screening
revealed that Danphos (12) and 20 accelerated platinum-
catalyzed deallylation, with Danphos showing the greatest
kinetic competence (Figure 9a). Both phosphines were
substantially more water-soluble than TFPP, leading to a
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Figure 10. (a) Widefield fluorescence images of cisplatin-treated HN30 and HN30 R8 cells. For statistical analysis, n = S (S stage positions, with
50—70 cells per image). (b) Confocal fluorescence images of platinum in HN30 and HN30 RS cells and mean pixel intensity of HN30 and HN30
R8 cells treated with 0 or 8 uM cisplatin. (c) Confocal fluorescence images of copper in HN30 and HN30 R8 cells and mean pixel intensity of
HN30 and HN30 R8 cells. For (b) and (c), cells were stained with Hoechst 33342 and 10 kDa Texas Red dextran and loaded with APE and
Danphos for platinum imaging or PPE and Ellman ligand for copper imaging. Conditions: 0 or 8 yM cisplatin, 20 uM APE or PPE, 800 uM
Danphos or 50 uM phosphine Ellman ligand, 0.1% DMSO in DMEM with penicillin/streptomycin, 30 min, 37 °C. Scale bars = 25 um.

more biocompatible imaging method. Among several ligands
that accelerated the copper-catalyzed depropargylation of PPE,
phosphines 34 and 49 showed greater reactivity than
DMAPPP, with 49 (Ellman ligand) being the most efficient
(Figure 9b).

Cellular Imaging Experiments. Copper and cisplatin are
intimately linked in the context of cancer biology insofar as
cisplatin trafficking is at least partially dependent on
endogenous copper transporters.”” ' Cisplatin binds both
copper transporters and copper chaperones, and differential
expression and/or activity of some transporters (e.g., ATP7B)
have been linked to the development of cisplatin resistance in
head and neck squamous cell carcinoma (HNSCC).>?
However, understanding of cisplatin resistance mechanisms
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continues to elude researchers,””’ in part due to an inability
to nondestructively study cisplatin under biological conditions.
Tagging platinum complexes with fluorescent molecules is not
fluorogenic.*~*° Fluorogenic detection systems compatible
with viable cells would greatly advance preclinical studies of
cisplatin response and resistance and facilitate the development
of personalized therapeutic approaches that match cisplatin
dosing with relative tumor sensitivity.””>*

We thus sought to determine whether our probes would
illuminate the fates of intracellular cisplatin and copper in
living tumor cells to understand cisplatin resistance. We used
widefield microscopy with Danphos 12 and APE to image
platinum distribution in two HNSCC cell lines, HN30
(cisplatin sensitive) and HN30 R8 (cisplatin resistant),
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developed in the Sandulache®® group (see the Experimental
Section). Following overnight cisplatin exposure, intracellular
fluorescence significantly increased (Figure 10a). The analysis
of 5 images with 50—70 cells per image showed that HN30
cells exhibited stronger fluorescence signals than HN30 R8
(219 + 0.8 for HN30, 156 + 0.96 for HN30 RS, mean =+
standard deviation; t test, p < 0.0005). This is consistent with
reports that cisplatin-resistant cells can export or sequester
cisplatin,**~%

Reports using indirect methods suggested that cisplatin can
be sequestered in lysosomes via ATP7B as a mode of drug
resistance.””** We performed colocalization studies using 10
kDa dextran conjugated with Texas Red as a fluid phase
marker for endocytosis using high speed confocal microscopy
(Figure 10b); 10 kDa dextran is a polysaccharide that is
sequestered in the lysosomes of cells, and the conjugate has
been used to track lysosomes in living cells.*® Using this
approach, we observed a greater increase in fluorescence in the
cisplatin-resistant cells treated with cisplatin: with bright,
punctate fluorescence observed within the cytoplasm in both
the red and green channels. There was good correlation
between the fluorescence produced by the reaction of APE and
the fluorescence from Texas Red dextran, such that the
Pearson’s correlation coefficient between these was 0.7—0.8 in
the cisplatin-resistant cells treated with 8 yM cisplatin. More
detailed studies of colocalization using area overlap analysis
confirmed that 100% of the red lysosomal structures was
positive for the green signal from the APE. In contrast, the
fluorescence produced by the reaction of APE was more diffuse
and did not appear to form bright puncta consistent with
lysosomal accumulation in untreated HN30 R8 cells,
suggesting that lysosomal perturbation contributes to cisplatin
resistance, consistent with previous studies.** %

Our combined data using widefield and confocal microscopy
to image platinum suggest that cisplatin-sensitive cells
accumulate more platinum throughout the entire cell,
eventually resulting in cell death. Meanwhile, cisplatin-resistant
cells sequester platinum within lysosomes, allowing these cells
to evade cisplatin toxicity. The lysosomal sequestration of
platinum may be caused by overexpression or activity of the
copper transporter ATP7B. Danphos likely enters the
lysosomes via passive diffusion; if Danphos were to be
internalized via an endocytotic process, we would not see
green fluorescence within the lysosomes because Danphos
would be encapsulated in newly formed lysosomes that do not
contain platinum because platinum was removed prior to the
addition of the phosphine. Additionally, in that case, these
newly formed vesicles would not be stained with Texas Red
dextran and would not account for the colocalization observed.

We were unable to image cisplatin nuclear uptake in the
current study. There are several explanations for this. First, the
nuclear cisplatin concentration may fall below the detection
threshold for our technique.”” Second, either the probe or
phosphine may not reach the nucleus. Third, APE and
Danphos may penetrate the nuclear envelope, but DNA-bound
platinum may be catalytically incompetent.

Next, we sought to determine whether the differential
cisplatin localization correlated with copper localization.
Toward this objective, the first step was to determine whether
the PPE-Ellman ligand technology can detect intracellular
copper ions at the basal level. Despite many detection methods
for copper,”’ it remains highly challenging to image the metal
at the basal level.”*” In effect, as the cell images and the graph
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in Figure S14 show, only the combination of PPE and Ellman
ligand caused increases in fluorescence emissions, supporting
the notion that the fluorescence stems from endogenous
copper at the basal level (t test, p value 0.0004). The PPE-
Ellman ligand method was also effective with HepG2 cells
(Figure S15). This imaging protocol revealed that the basal
copper level was slightly higher for HN30 R8 cells (Figure
10c). There were no differences in the localizations of
platinum and copper, nor were there differences in the
localization between the resistant and sensitive cell lines.
Pittsburgh Green formed from the reaction of PPE and copper
was found in 100% of the lysosomes in cisplatin-resistant and
-sensitive cells. The percentage of fluorescence emissions
(overlap area) associated with the lysosomes averaged 8.9 +
0.9% for Pittsburgh Green from APE and 6.0 + 1.1% for
Pittsburgh Green from PPE.

Currently, cisplatin resistance is believed to be acquired, at
least in part, by decreased expression of copper importers (e.g,,
Ctrl and Ctr2)®* or increased expression of copper exporters
(e.g, ATP7A and ATP7B).”° In this work, we imaged copper
and cisplatin cellular uptake and cellular localization. Together,
our results indicate that there is a difference in total and
localized platinum accumulation in cisplatin-sensitive and
-resistant cells, while copper levels remain nearly the same.
Furthermore, since the distribution of copper ions across
cellular compartments was similar between the cisplatin-
sensitive and the cisplatin-resistant HNSCC cells, we conclude
that acquisition of cisplatin resistance does not necessarily
perturb basal copper levels or intracellular distribution despite
the role of copper transporters. These new insights warrant
further investigations with patient-derived samples for general-
ity. By imaging intracellular uptake and distribution of these
two metals, we have eliminated some confounders of previous
studies based on large probes to determine localization and the
mainly inferential approaches that relied on gene expression
and protein levels as an indirect measure of metal trafficking
and transport.”' =7

B CONCLUSIONS

The combinatorial screening of ligands and metals led to the
discovery and development of sensitive and selective
fluorescence methods for platinum and copper ions. Specific
phosphines selectively accelerated platinum and copper
catalysis for high sensitivity and suppressed the reactivity of
other metals including palladium for the allylic and propargylic
ethers, respectively. The methods were sufficiently quantitative
for the total platinum or copper in complex samples relevant to
pharmaceutical production, medicine, and geological explora-
tion. Whether the method can be applied to copper-bound
enzymes depends on the enzyme structure. The probes
demonstrated utility for biological applications, by providing
imaging of intracellular platinum and copper ion distribution in
human cancer cells. Using this technique, we demonstrated
that the intracellular distributions of platinum and copper ions
were independent of each other in cisplatin-resistant cancer
cells. Importantly, copper ions were not enriched in the
lysosomes of HN30 R8 cells compared to those of HN30 cells.
This novel discovery and the gained ability to dissect the
underlying mechanisms using the current probe-based
approach represent an important step toward understanding
and overcoming cisplatin resistance in solid tumors. It is not
yet clear whether our method detects labile or protein-bound
copper ions inside the cell, and further investigation is needed
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to address this question. Given the fact that nearly 30
fluorometric methods developed by others are based on
palladium-catalyzed allylic C—O bond cleavage, we envision
that their methods can also be repurposed for platinum. The
tunability of metal selectivity may be applied to other
fluorescent probes, which can rapidly broaden applicability
for various chemical and biological applications.

B EXPERIMENTAL SECTION

Fluorescence Measurements. All fluorescence measure-
ments, unless otherwise stated, were performed on a Modulus
II Microplate Multimode Reader. Fluorescence was measured
after exciting samples with 490 nm light, and emission was
measured between 510 and 570 nm. All fluorescence
measurements were obtained at room temperature.

Screening Ligands versus Metals (Figure 2c,d).
Ligands used in the screen included tri-o-tolylphosphine, 3-
(diphenylphosphino)bezenesulfonic acid sodium salt, 1,3,5-
triaza-7-phosphaadamantane, 1,1’-bis(diphenylphosphino)-
ferrocene, tri(2-furyl)phosphine, 1,2-bis(diphenylphosphino)-
ethane, bis(4-carboxyphenyl)(4-trifluoromethylphenyl)-
phosphine, tris(2,4-di-tert-butylphenyl)phosphite, 4-
(dimethylamino)phenyl-diphenylphosphine, 1,4-bis-
(diphenylphosphino)butane, 1,3-bis(diphenylphosphino)-
propane, bis(3-sulfonatophenyl)(3,5-ditrifluoromethylphenyl)-
phosphine disodium salt, tris(4-fluorophenyl)phosphine,
(£)-2,2'-bis(diphenylphosphino)-1,1’-binaphthyl, tris(4-
methoxyphenyl)phosphine, 2-(di-tert-butylphosphine)-
biphenyl, (1R,2R)-(+)-1,2-diaminocyclohexane-N,N’-bis(2-di-
phenylphosphino-1-naphthoyl), tri-p-tolylphosphine, tris(4-
trifluoromethylphenyl)phosphine, triphenylphosphine-3,3’,3"-
trisulfonic acid trisodium salt, tri-tert-butylphosphonium
tetrafluoroborate, bis(diphenylphosphino)methane, di-tert-bu-
tylmethylphosphonium tetrafluoroborate, bis(2-
diphenylphosphinophenyl)ether, tris(2-cyanoethyl)phosphine,
thymine, 2-amino-1,3-propanediol, cytosine, imidazole, 1,3-
diphenylthiourea, thiophene, thiazole, pyridine, triphenylphos-
phine, indole-3-carboxylic acid, and 2,2’-bipyridyl.

In separate vials, 20—30 mg of each ligand was dissolved in
DMSO containing 250 ppm butylated hydroxyl toluene
(BHT) to a final concentration of 20 mM ligand. Solutions
containing the ligands were prepared by mixing 1.23 M
phosphate buffer (pH 7, 177.2 mL), DMSO (19.424 mL), and
8.0 mM APE or PPE in DMSO (556 uL). Aliquots of these
mixtures (4.944 mL) and 20 mM ligands and 250 ppm BHT in
DMSO (55.5 L) were combined into 15 mL conical tubes to
prepare the working solutions. Aliquots of these working
solutions (180 uL) were transferred to black, round-bottom
96-well plates.

Metals used in the experiments included AgNO;, AuCl;,
CdCl,-2.5H,0, CeCl;-3H,0, CoCl,-6H,0, CrCl,, Na,Cr,0,,
CuCl, CuCl,-2H,0, FeSO, FeCl;, HgCl, MgCl,-6H,0,
K,MnO,, NiCl,, Pb(OAc),, RhCI(PPh;),;, Rh(OAc), dimer,
RhCl;-«H,0 (45.5% Rh), RuCl;, Sr(NO;),, and ZnCl,.

In separate vials, 10 mM metal solutions were prepared by
mixing 5—20 mg of the listed metals with dilute acid; all metals
were dissolved in 3% HCI (TraceMetal grade), with the
exception of AgNO3, St(NO;)3, and RhCI(PPh;);. AgNO; and
Sr(NO,); were dissolved in 5% HNO; (TraceMetal grade);
RhCI(PPh;); was dissolved in DMSO, and the working
solutions were adjusted to account for the solvent. The metal
solutions were then diluted to 100 M in 3% HCI or 5%
HNO,; (TraceMetal grade) or DMSO.
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100 uM Pd*" and Pt** solutions were prepared by diluting
Pd and Pt standard solution (1000 ppm = 9.4 or 5.1 mM for
Pd and Pt, respectively). For Pd, the 9.4 mM standard (21 uL)
was diluted with 5% HNO; (1.98 mL, TraceMetal grade). For
Pt, the 5.1 mM standard (39 uL) was diluted with 3% HCI
(1.96 mL, TraceMetal grade).

To perform the assay, 10 uM metal solutions (20 L) were
transferred to the prepared working solutions (180 yL) in the
wells. The fluorescence was measured immediately and again
after allowing the reaction to proceed for 1 and 2 h at 25 °C.

Effect of Salt (Figure 3a). 125 mM solutions of K,CO;,
Na,SO;, K;PO,, NaF, NaCl, NaBr, Nal, NaOAc, NH,OAc,
NaNO,, and NaNOj; were prepared. The pH of all solutions
was adjusted to 7.0 with NaOH and HCI solutions. Each
solution (8.86 mL) was mixed with 800 uM APE in DMSO
(278 uL), 20 mM TEPP and 250 ppm BHT in DMSO (111
uL), and DMSO (721 uL) to generate new working solutions.
Each working solution (180 uL) was transferred to black,
round-bottom 96-well plates. A solution of 5.1 yM Pt in 0.3%
HCI (20 pL) was then transferred to the wells. The reaction
mixture was incubated at 25 °C for 1 h before the fluorescence
was measured. Average and standard deviation values are
shown in Figure 3a, and the data set with K;PO, is normalized
to 1.

Effect of pH (Figure 3b). Aliquots of 1.2 M, pH 7
potassium phosphate buffer (~50 mL) were transferred to 50
mL conical tubes, and the pH of these solutions was adjusted
to 7—9 using NaOH and HCl. The resulting solutions (160
uL) were transferred to a black, round-bottom 96-well plate. A
mixture of 800 M APE in DMSO (480 uL), 20 mM TEPP
and 250 ppm BHT in DMSO (192 uL), DMSO (1248 L),
and 5.1 M Pt standard in 0.3% HCI (1920 uL) was prepared
in a S mL centrifuge tube. This mixture (40 uL) was
transferred to the 96-well plate. The reaction mixture was
incubated at 25 °C for 30 min before the fluorescence was
measured. Average and standard deviation values are shown in
Figure 3b, and the data set at pH 7.0 is normalized to 1.

Effect of Temperature (Figure 3c). The working solution
was prepared by mixing 1.2 M, pH 7 phosphate buffer (8.86
mL), 800 M APE in DMSO (278 uL), 40 mM TEPP and 250
ppm BHT in DMSO (111 pL), and DMSO (721 pL) in a 1§
mL conical tube. The working solution (180 L) was
transferred to black, round-bottom 96-well plates. A solution
of 2.5 M Pt in 0.2% HCI (20 uL) was then transferred to the
wells. The samples were sealed to prevent evaporation and
incubated at 4, 25, or 45 °C. After 30 min, the fluorescence was
measured. Average and standard deviation values are shown in
Figure 3¢, and the data set at 25 °C is normalized to 1.

Effect of TFPP Concentration (Figure 3d). A stock
working solution was prepared by mixing 1.2 M, pH 7
phosphate buffer (1.28 mL), 800 uM APE in DMSO (40 uL),
20 mM tris(4-fluorophenyl) phosphine (TFPP) and 250 ppm
BHT in DMSO (64 L), and DMSO (56 uL) in a 5 mL
centrifuge tube. 2-Fold serial dilutions were performed using
222 yM APE in 11.1% DMSO in 1.2 M, pH 7 phosphate
buffer as the diluent. The working solutions containing
different concentrations of TFPP (180 uL) were transferred
to a black, round-bottom 96-well plate. Additionally, a 20 mM
stock solution of TFPP was prepared by dissolving TFPP (12.1
mg; 38 ymol) in DMSO containing 250 ppm BHT (1.91 mL).
1.11-Fold serial dilutions were performed using DMSO as the
diluent; in total, 32 solutions were prepared with concen-
trations of TFPP ranging from 0 to 20 mM. To these TFPP
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solutions (10 uL), DMSO (65 pL), 800 uM APE in DMSO
(25 uL), and 1.2 M, pH 7 phosphate buffer (800 uL) were
added in this sequence. The newly prepared working solutions
containing different concentrations of TFPP (180 uL) were
transferred to a black, round-bottom 96-well plate. A solution
of 5.1 uM Pt in 0.3% HCI (20 uL) was added to each well. The
reaction mixture was incubated at 25 °C for 1 h before the
fluorescence was measured. Average and standard deviations
are shown in Figure 7b, and the data set with 200 M TFPP is
normalized to 1.

Kinetics of Various Pt Species (Figure 3e). Platinum
solutions were made by dissolving ethylene bis-
(triphenylphosphine)Pt(0) (3.2 mg; 4.3 umol), K,PtCl, (7.0
mg, 17 umol), or K,PtCl, (8.8 mg, 18 pmol) in either DMSO
or water to a final concentration of 20 uM. Ethylene
bis(triphenylphosphine)Pt(0) was dissolved in DMSO;
K,PtCl, and K,PtCl; were dissolved in water. The ethylene
bis(triphenylphosphine)Pt(0) sample was mixed with an equal
volume of water, while the K,PtCl, and K,PtCls samples were
mixed with equal volumes of DMSO. The resulting 10 uM Pt
solutions in 1:1 water/DMSO (20 uL) were transferred to a
black, round-bottom 96-well plate. A solution of 20 mM TFPP
(2 pL) was transferred to the Pt samples, which was then
incubated at 27 °C for 1 h. Following this, a solution
containing 22.5 uM APE in 10.1% DMSO in 1.2 M, pH 7
phosphate buffer (178 uL) was transferred to the wells. The
fluorescence was measured immediately and again every 10
min for 100 min. The difference between the first fluorescence
measurement and each 10 min thereafter was recorded.

Reactions of cis-37 with TFPP or 5 (Figure 3f). They
are described in the Supporting Information.

Effect of Cosolvent on Copper-Catalyzed Depropar-
gylation (Figure 4a). A 1 mM ligand solution of 4-
(dimethylamino)phenyl-diphenylphosphine was prepared in
DMSO (2.14 mL), and a 15.7 mM solution of CuSO, was
prepared by dissolving 27.8 mg of CuSO, in Millipore water
(11.12 mL). This was then diluted to 10 uM CuSO, (10 mL)
using Millipore H,O as the diluent. A solution of 8 mM
propargyl Pittsburgh Green ether (10 uL) was dissolved in
each of the following cosolvents: EtOH, DMSO, NMP, and
MeCN (90 uL) in separate 2 mL microcentrifuge tubes. A
working solution was prepared for each cosolvent containing
1.2 M, pH 7 phosphate buffer (1.5 mL), the cosolvent (230
uL), 1 mM 4-(dimethylamino)phenyl-diphenylphosphine (20
uL), and 800 M PPE (50 uL). Each working solution (180
uL) was added to six wells in a black 96-well plate. To the first
three wells, Millipore water (20 yL) was added, and 10 yM
CuSO, (20 uL) was added to other three wells. The
fluorescence was measured immediately and in 30 min.

Effect of pH on Reaction (Figure 4b). Commercial pH S,
6, 7, and 8 phosphate buffers (Fisher Scientific) were diluted to
50 mM. Four different working solutions were prepared by
mixing the buffers (1.92 mL), DMSO (60 uL), 800 uM PPE in
DMSO (60 L), and 4 mM DMAPPP in DMSO (120 uL).
The working solutions (180 yL) were then added to a black
96-well plate. A solution of 10 mM CuCl or CuCl, in 3% HCI
was diluted to 100 M using water as the diluent. These
solutions (20 uL) were then added to the wells, and the
fluorescence was measured.

Effect of Buffer Salt on Reaction (Figure 4c). Different
buffers were purchased from Fisher Scientific. These were S0
mM phosphate, pH 8.5 buffer (Fisher Scientific catalog
#SB112-500), 1 M, pH 8.5 sodium bicarbonate buffer (Fisher
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Scientific catalog #AAJ60408AK), 0.5 M, pH 8.5 borate buffer
(Fisher Scientific catalog #AAJ60803AK), and pH 10
carbonate buffer (Fisher Scientific catalog #AC258605000).

Four different working solutions were prepared by mixing
the buffers (1.20 mL), EtOH (184 yL), 800 M PPE in EtOH
(40 uL), and 20 mM DMAPPP in DMSO (16 uL). The
working solutions (180 L) were then added to a black 96-well
plate. A solution of 0 or 20 uM CuSO, in distilled ultrapure
water (20 pL) was then added to the wells, and the
fluorescence was measured.

Effect of Buffer Salt after Controlling for Concen-
trations (Figure 4d). The buffers purchased for the
experiment testing the effect of different buffer salts were
diluted to 50 mM. Three different working solutions were
prepared by mixing the buffers (1.20 mL), EtOH (184 uL),
800 uM PPE in EtOH (40 uL), and 20 mM DMAPPP in
DMSO (16 uL). The working solutions (180 uL) were then
added to a black 96-well plate. A solution of 0 or 20 uM
CuSO, in distilled ultrapure water (20 L) was then added to
the wells, and the fluorescence was measured.

Effect of Cosolvent Concentrations (Figure 4e). Seven
different working solutions were prepared, varying only the
concentration of EtOH. Solutions containing distilled ultra-
pure water (1197, 1097, 897, 697, 497, 297, or 97 uL) and
EtOH (250, 350, $50, 750, 950, 1150, or 1350 uL) were
prepared, to which 500 mM, pH 8.5 borate buffer (53 uL), 800
M PPE in EtOH (50 yL), and 10 mM DMAPPP in DMSO
(40 pL) were also added. The working solutions (180 uL)
were added to a black 96-well plate. A solution of 0 or 5 yuM
CuSO; in distilled ultrapure water (20 L) was then added to
the wells, and the fluorescence was measured.

Effect of DMAPPP Concentrations (Figure 4f). The
working solution was prepared by mixing 500 mM, pH 8.5
borate buffer (2.368 mL), EtOH (400 uL), 800 uM PPE in
EtOH (80 uL), and 10 mM DMAPPP in DMSO (32 uL). 2-
Fold serial dilutions of the working solution were performed
using a solution of 800 uM PPE in EtOH (300 L), DMSO
(120 pL), EtOH (1.500 mL), and 500 mM, pH 8.5 borate
buffer (8.880 mL) as a diluent. Each dilution of the working
solution (180 uL) was transferred to a black, round-bottom
96-well plate. The final concentration of the DMAPPP ranged
from 0 to 200 uM.

A solution of 0 or 5 yM CuSO, (20 uL) was then
transferred to the wells containing the working solution. The
fluorescence was measured immediately after the addition of
the copper solution and again after 30 min. The fluorescence
intensities after 30 min were reported. Average and standard
deviation values are shown in Figure 4f.

Metal Selectivity for the APE-TFPP System (Figure
5a). The working solution was prepared by mixing 1.2 M, pH
7.8 phosphate buffer (12.00 mL), 800 uM APE in DMSO (375
uL), 40 mM TFPP and 250 ppm BHT in DMSO (150 pL),
and DMSO (975 uL). The resulting working solution (180
uL) was transferred to black, round-bottom 96-well plates. 100
uM metal solutions (20 uL) were then transferred to the wells,
and the fluorescence was measured immediately and again 10
min later at 25 °C. Average and standard deviation values are
shown in Figure Sa, and the data set with no metal is
normalized to 1.

Metal Selectivity of the PPE-DMAPPP System (Figure
5b). The working solution was prepared by mixing 500 mM,
pH 8.5 borate buffer (13.5 mL), EtOH (2.51 mL), 8.0 mM
PPE in EtOH (45 yL), and 20 mM DMAPPP in DMSO (144
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uL) in a conical tube. The working solution (180 L) was then
added to a black 96-well plate. The metal solutions used for the
combinatorial screen were then diluted to 10 yM using water
as the diluent. The metal solutions (20 uL) were then added to
the wells, and the fluorescence was measured.

Establishing a Pt Standard Curve (Figure 7a). The
working solution was prepared by mixing 1.2 M, pH 7.8
phosphate buffer (17.72 mL), 800 uM APE in DMSO (556
4L), 40 mM TEPP and 250 ppm BHT in DMSO (222 uL),
and DMSO (1.44 mL). The resulting working solution (180
uL) was transferred to black, round-bottom 96-well plates.

1.5-Fold serial dilutions of the Pt standard were performed
from S.1 uM in 0.3% HCI using ultrapure water as the diluent.
The Pt solutions (20 uL) were then transferred to the wells
containing the working solution. The fluorescence was
measured immediately after the addition of the Pt solutions
and again after incubation at 25 °C for 1 h. The difference in
the fluorescence intensities was reported. Average, standard
deviation values, and linear regression are shown in Figure 7a.

Limit of Detection and Limit of Quantification
Calculations (Figure 7a). A linear regression was performed
using GraphPad Prism 8. The LOD was determined by
multiplying the standard error of the regression by 3 and
dividing by the slope of the regression line; the LOQ_ was
determined by multiplying the standard error of the regression
by 10 and dividing by the slope of the regression line.

Quantification of Pt in Rock Samples (Figure 7b).
Approximately 100 mg of ore samples A—M from Stillwater’*
were transferred into glass vials. The working solution was
prepared by the addition of 1.2 M, pH 7.8 phosphate buffer
(6.40 mL), DMSO (700 uL), 8.0 mM APE in DMSO (20.0
uL), and 40 mM TFPP in DMSO (80.0 uL). The working
solution was added to the vials to a mixture of 100 mg of ore in
500 uL of working solution. The vials were then placed in a
sonicator for 2 h. The temperature of the water in the sonicator
increased from 25 to 45 °C over the course of the experiment.
The samples were then centrifuged. The supernatant (100 uL)
was placed in the wells of a black 96-well plate, and the
fluorescence was measured.

Standard Curve of Cisplatin in Serum (Figure 7c).
Protein-free serum was prepared by mixing 1:2 serum to
EtOH. The mixture was centrifuged at 14000 rpm in an
Eppendorf Centrifuge 5417R for 1 h at 4 °C. Cisplatin (5.0
mg, 17 umol) was dissolved in DMSO (1.67 mL) to prepare a
10 mM solution, which was diluted to a concentration of 1.0
mM. The cisplatin solution was added to protein-free serum in
a 1:999 v/v ratio, resulting in a final concentration of 1.0 uM
cisplatin in protein-free serum. 1.11-Fold serial dilutions were
performed using this sample as the highest concentration and
protein-free serum as the diluent. The working solution was
prepared in the same way as in the standard curve experiment.
The working solution (180 uL) was transferred to the
cisplatin-serum samples (20 pL) in black, round-bottom 96-
well plates, and the fluorescence was measured immediately.
Following the initial measurement, the plates were covered to
prevent evaporation and incubated at 45 °C for 1 h before
measuring the fluorescence again. The difference in fluo-
rescence intensities was reported.

Kinetic Study (Figure 8a). A standard curve was prepared
for dichlorofluorescein (DCF) by dissolving the solid in EtOH
to a concentration of 20 mM. The DCF was then diluted to
500 M in EtOH. A stock solution was prepared by adding
500 mM, pH 8.5 borate buffer (600 L), EtOH (81.6 L), S00

1784

M DCF in EtOH (32 yL), and 20 mM DMAPPP in DMSO
(6.4 uL). This stock solution (200 xL) was then transferred to
a black 96-well plate.

The diluent was prepared by mixing S00 mM, pH 8.5 borate
buffer (9.00 mL), EtOH (1.70 mL), and 20 mM DMAPPP in
DMSO (96 uL). The diluent (100 uL) was transferred to the
black 96-well plate. 2-Fold serial dilutions were performed by
removing 100 uL of the stock solution from the wells and
adding it to the wells containing the diluent. Following this, an
additional 100 uL of the diluent was added to the wells for a
total volume of 200 uL. The fluorescence of these solutions
was measured, and a standard curve was generated.

The working solution was prepared by mixing 500 mM, pH
8.5 borate buffer (1.20 mL), EtOH (187 uL), 800 uM PPE in
EtOH (40 yL), and 20 mM DMAPPP in DMSO (12.8 4L) in
a conical tube. The working solution (180 xL) was then added
to a black 96-well plate. A solution of 0 or 2.0 uM Cu®* (20
uL) was then added to the wells, and the fluorescence was
measured every S min for 2 h.

The fluorescence value was converted to a concentration of
Pittsburgh Green using the linear regression generated from
the standard curve of DCF. The fluorescence vs time was then
plotted.

Copper Concentration Dependence to Determine
the Limit of Detection and Limit of Quantification
(Figure 8b). The working solution was prepared by mixing
500 mM, pH 8.5 borate buffer (16.280 mL), EtOH (2.750
mL), 800 M PPE in EtOH (550 uL), 20 mM DMAPPP in
DMSO (120 uL), and DMSO (110 pL). The resulting
working solution (180 uL) was transferred to a black, round-
bottom 96-well plate.

1.11-Fold serial dilutions of CuSO, in water were performed
from 250 nM. The fluorescence was measured immediately
after the addition of copper and every 5 min for 2 h. The
fluorescence intensities at 2 h were reported. Average, standard
deviation values, and linear regression are shown in Figure 8b.
For lower concentrations of copper, a HoribaMax Fluorometer
(excitation 490 nm, emission 526—528 nm) was used.

Visualization of the Relative Concentrations of
Copper in Drinking Water Samples (Figure 8c). Three
fountain water samples were prepared; the fountain water was
kept unfiltered, filtered through a 14-week old drinking water
filter, or filtered through a new, unused drinking water filter.
The working solution was prepared by the addition of 0.5 M,
pH 8.5 borate buffer (2.10 mL), EtOH (814.5 uL), 800 uM
PPE in EtOH (7.5 uL), and 20 mM DMAPPP in DMSO (24
uL). Dowex M4195 resin was added to the working solution.
The working solution (500 L) was transferred to vials. 0 or §
UM CuSO, in distilled Milli-Q_ water or the fountain water
samples (500 pL) were added, and the fluorescence was
observed over time.

Quantification of Copper in Drug-Like Compounds
(Figure 8e,f). Pyridine, yohimbine, 2,2’-bipyridyl, indole,
morpholine, 2-butyn-1-ol, N-acetylcysteine, quinine, imidazole,
pyrazole, propynol, and bromobenzene were dissolved in
DMSO to a concentration of 10 mg/mL. Ten mg/mL of the
drug-like samples (1.00 mL) were mixed with 0.006 or 0.06
mg/mL CuSO, in water (50 uL).

Distilled Milli-Q water (15.0 4L) was added to the wells of a
96-well plate. Ten mg/mL of 12 different drug-like samples
spiked with 0.006 mg/mL Cu®* (5.00 yL) was then added to
the wells. The working solution was prepared by mixing 0.5 M,
pH 8.5 borate buffer (7.50 mL), EtOH (1.17 mL), 800 uM
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PPE in EtOH (250 yL), and 20 mM DMAPPP in DMSO (80
uL). The working solution (180 yL) was transferred to the
wells, and the fluorescence was measured.

Detection of Copper in Copper-Containing Enzymes
(Figure 8g). The working solution was prepared by mixing 0.5
M, pH 8.5 borate buffer (1068 uL), 100 uM PPE in EtOH
(6.00 L), and 2.0 mM DMAPPP in DMSO (6.00 uL). Dowex
M4195 resin was added to the working solution. The working
solution (270 uL) was transferred to cuvettes. A 100 mM
phosphate buffer or 5 mg/mL superoxide dismutase in 100
mM, pH 7.8 phosphate buffer, bilirubin oxidase in 100 mM,
pH 8.4 phosphate buffer, or ascorbate oxidase in 100 mM, pH
7.0 phosphate buffer (30 yL) was added, and the fluorescence
was observed over time. The fluorescence was measured using
a Horiba FluoroMax-3 fluorometer with 2 nm slit widths
(excitation 490 nm, emission S15 nm).

Distribution of Copper between Water and CHCI; in
the Presence of DMAPPP (Figure 8h). Three suspensions
were prepared from these: 10 mM DMAPPP in CHCI; (1.0
mL) and S mM CuSO, in 1 mM phosphate buffer (pH 7.0, 1.0
mL), CHCl; (1.0 mL) and S mM CuSO, in 1 mM phosphate
buffer (pH 7.0, 1.0 mL), and 10 mM DMAPPP in CHCI, (1.0
mL) and 1 mM phosphate buffer (pH 7.0, 1.0 mL). The
suspensions were vortexed to ensure proper partitioning of the
CuSO, and DMAPPP. Aliquots of the aqueous and organic
layers of each suspension (100 uL each) were then taken and
evaporated. The residue following evaporation was resus-
pended in HBSS (100 uL).

The working solution was prepared by mixing S0 mM, pH
8.5 borate buffer (2.96 mL), EtOH (500 uL), 800 4M PPE in
EtOH (100 yL), and 10 mM DMAPPP in DMSO (40 uL).
The working solution (180 yL) was transferred to the wells of
a black 96-well plate. The resuspended samples (20 uL) were
then added to the wells, and the fluorescence was measured.

Screening Ligands for Biologically Compatible Con-
ditions (Figure 9). Solutions (20 nM) of ligands were
prepared in DMSO and stored overnight at —20 °C. Working
solutions were prepared by mixing HBSS (1.068 mL), 3.6 mM
APE or PPE in DMSO (6 uL), and 0 or 20 mM ligands in
DMSO (6 uL). The working solutions (180 wuL) were
transferred to the wells of a black 96-well plate. Pt or Cu
(10 uM) was added to the wells, and the fluorescence was
measured immediately and again 30 and 60 min later at 25 °C.

HN30 R8 Cell Line Description. The parental HN30 cell
line (head and neck squamous cell carcinoma, HNSCC) was
obtained from an established cell line bank in the laboratory of
Dr. Jeffrey N. Myers under approved institutional protocols
and authenticated using short tandem repeat analysis every 3
months. Cisplatin-resistant HN30 R8 cells were generated
from HN30 by gradually increasing the cisplatin concentration
in culture media from 0.3 to 8 uM, respectively, at a rate of
approximately 1 uM every 2 weeks. HN30 R8 cells were
maintained in growth media containing 8 uM cisplatin for the
remainder of the experimental period, except when cisplatin
was withdrawn for specific individual experiments. HN30 R8
cells were generated at ~21 weeks following initial cisplatin
treatment.

Widefield and Swept Field Confocal Fluorescence
Imaging of Cisplatin and Copper in HN30 and HN30 8R
Cells (Figure 10). HN30 or HN30 R8 cells were seeded in
MatTek dishes and incubated for 2 days in a water-saturated,
5% CO, atmosphere. The media was then replaced with media
containing S yg/mL Texas Red dextran for 3 h. The media was
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again replaced with media containing 0 or 8 uM cisplatin in
0.1% DMSO in DMEM containing 10% FBS and penicillin/
streptomycin for Figure 10b or DMEM containing 10% FBS
and penicillin/streptomycin for Figure 10c and allowed to
incubate overnight. Following the overnight incubation, the
media containing metal was removed and fresh media was
added. Cells were then loaded with S ug/mL Hoechst 33342
and 800 M Danphos or 50 #M Ellman ligand in DMEM with
penicillin/streptomycin for at least 30 min. The media was
then removed, and DMEM with penicillin/streptomycin (2.00
mL) was transferred to each dish prior to imaging. APE or PPE
(8.0 mM) in DMSO (2.5 uL) was transferred to the dish
during imaging. Time-lapse data were acquired on a Nikon Ti
stand equipped with a 60X (1.4 NA) objective and scientific
CMOS camera (Hamamatsu ORCA-Flash 4.0). Experiments
were performed twice with 3—5 stage positions collected per
dish. Data were acquired and analyzed using NIS Elements
(Nikon Inc., Melville NY). For the intensity measurements
shown in Figure 10b,c, the images were segmented on the basis
of intensity (thresholded) and mean pixel intensity within the
binary mask was expressed in arbitrary units. Co-localization of
the Pittsburgh Green product (green) with the lysosomal
marker (red) was assessed using area overlap analysis.”” Each
channel (green and red) was first segmented on the basis of
emission intensity to generate a binary mask. A binary “having”
statement was used to quantify the pixels that were positive for
both channels (overlapping red and green).

Safety Statement. Aqua regia must be handled with
caution.
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