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Dariusz Śmiłowicz, Shawn Eisenberg, Rochelle LaForest, Jennifer Whetter, Annapoorani Hariharan,
Jake Bordenca, Christopher J. Johnson, and Eszter Boros*

Cite This: J. Am. Chem. Soc. 2023, 145, 16261−16270 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Activation of metalloprodrugs or prodrug activation
using transition metal catalysts represents emerging strategies for drug
development; however, they are frequently hampered by poor
spatiotemporal control and limited catalytic turnover. Here, we
demonstrate that metal complex-mediated, autolytic release of active
metallodrugs can be successfully employed to prepare clinical grade
(radio-)pharmaceuticals. Optimization of the Lewis-acidic metal ion,
chelate, amino acid linker, and biological targeting vector provides
means to release peptide-based (radio-)metallopharmaceuticals in solution and from the solid phase using metal-mediated, autolytic
amide bond cleavage (MMAAC). Our findings indicate that coordinative polarization of an amide bond by strong, trivalent Lewis
acids such as Ga3+ and Sc3+ adjacent to serine results in the N, O acyl shift and hydrolysis of the corresponding ester without
dissociation of the corresponding metal complex. Compound [68Ga]Ga-10, incorporating a cleavable and noncleavable
functionalization, was used to demonstrate that only the amide bond-adjacent serine e!ectively triggered hydrolysis in solution
and from the solid phase. The corresponding solid-phase released compound [68Ga]Ga-8 demonstrated superior in vivo
performance in a mouse tumor model compared to [68Ga]Ga-8 produced using conventional, solution-phase radiolabeling. A second
proof-of-concept system, [67Ga]Ga-17A (serine-linked) and [67Ga]Ga-17B (glycine-linked) binding to serum albumin via the
incorporated ibuprofen moiety, was also synthesized. These constructs demonstrated that complete hydrolysis of the corresponding
[68Ga]Ga-NOTA complex from [67Ga]Ga-17A can be achieved in naiv̈e mice within 12 h, as traceable in urine and blood
metabolites. The glycine-linked control [68Ga]Ga-17B remained intact. Conclusively, MMAAC provides an attractive tool for
selective, thermal, and metal ion-mediated control of metallodrug activation compatible with biological conditions.

■ INTRODUCTION
Clinically viable prodrugs require close spatiotemporal control
and release of activated, potent drug molecules at the site of
interest.1−4 Common bond cleavage strategies incorporate
triggers such as pH, UV irradiation, or enzyme proteolysis to
modulate drug selectivity, function, and pharmacokinetics.5−8

However, dependence of exogenous triggers and their relative
abundance in the extracellular milieu can drastically limit
applicability and drug e#cacy.9−12

Stimulus-responsive prodrugs that involve metal ions can
exhibit similar limitations, where e#cient prodrug activation
with external stimuli and close control of pharmacokinetics
remains challenging and therefore represents a current area of
research interest.13−15 Strategies such as transition metal-
mediated,16−18 cell-compatible catalysis,19−21 or photodynamic
triggering for drug activation or release have shown
e#cacy.22−24 However, the dependence on an external
stimulus or catalyst concentration can pose significant
limitations on the accessibility or threshold abundance of the
biological target.25−28

Selective, metal ion-mediated amide bond cleavage is a well-
characterized process in nature: a range of metalloproteases
exist and exhibit great specificity and e#cacy in aqueous media
and ambient temperature.29−31 Inspired by these metal-
loenzymes, Groves and Baron and Hegg and Burstyn
demonstrated that Co3+ and Cu2+ small-molecular chelate
systems were capable of amide bond scission via formation of a
metal-bound, ternary hydroxo ligand acting as a nucleo-
phile.32−34 More recently, Bal and coworkers employed Ni2+
chelating peptides that were selectively cleaved adjacent to
serine by the N, O acyl shift and subsequent ester
hydrolysis,35,36 a process also viable using Lewis-acidic V-oxo
species and Sc3+.37 However, these systems relied on excess
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metal aqua-ion in solution or hemilabile coordination
complexes to conduct bimolecular bond cleavage reactions,
which compromises their utility for controlled prodrug
activation and release under trace or in vivo conditions (Figure
1).38−41

Here, we report the development, optimization, and in vivo
validation of metal-mediated, autolytic amide bond cleavage
(MMAAC), a modular approach for the selective metal
complexation-induced release and activation of metallodrugs.
Using a model system, we elucidate the optimal combination
of the peptide sequence, chelate and metal ion, and probe
reaction rates at temperatures and pH conditions of interest.
Subsequently, we demonstrate the feasibility to release active
(radio)pharmaceuticals via MMAAC in solution and from a
solid support and in live mice.

■ RESULTS AND DISCUSSION
Initial Screening and Scope. To probe the impact of a

metal ion, chelator, and metal complex-adjacent amino acid,

we prepared a modular tripeptide sequence capped by an aza-
macrocyclic metal chelator on the N-terminus. Specifically, we
linked 1,4,7-triazacyclononane-triacetic acid (NOTA) or
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
(DOTA) to H-X-G-W-NH2 (where X = S or G). Tryptophan
(W) was incorporated to provide a spectroscopic handle for
HPLC monitoring, and G provided an additional short spacer
to reduce steric encumbrance around the metal complex.
Subsequently, chelation of the Lewis-acidic Ga3+, Sc3+, and
Cu2+ ions produced model systems for further testing. These
ions were selected as they are e#ciently chelated by both
macrocyclic chelator systems and possess biomedically relevant
radioactive isotopes.
Amide bond hydrolysis was induced by complexation by the

metal ion at pH 4.5 followed by immediate adjustment of
reaction temperature. Reaction progress was monitored using
high-performance liquid chromatography and mass spectrom-
etry (HPLC-MS). In the absence of metal ions, model peptides
did not hydrolyze at any temperature tested (25, 37, and 80

Figure 1. Summary of previously employed metal ion-mediated bond cleavage and prodrug activation approaches reported in the literature; all rely
on labile metal ion binding and bimolecular reaction mechanisms, which are inherently limiting in vivo. This is not the case for MMAAC, which
does not depend on the exogenous catalyst concentration and proceeds with an autolytic mechanism. Structural components denoted in blue are
cleaved/hydrolyzed in response to the catalyst/metal ion binding stimulus.

Figure 2. Model peptide−chelate conjugates and corresponding metal complexes screened for autolytic amide bond cleavage activity producing a
cleaved, chelate-adjacent amide bond to release the metal chelate and tripeptide. The complex-adjacent amino acid X = G (glycine) and S (serine)
was varied to probe the sequence dependence of reactivity.
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°C). Only slow hydrolysis was observed for [M(NO2A)]n+-G-
G-W-CONH2 under forcing conditions, while [M(DO3A)]n+-
G-G-W-CONH2 peptides were not hydrolyzed, regardless of
the identity of the metal ion. However, [M(NO2A)]n+-S-G-W-
NH2 exhibited observable amide bond hydrolysis for M = Ga3+

and Sc3+ with accelerating kinetic rates as temperature was
increased. All Cu2+ complexes tested remained hydrolytically
stable within the investigated time frame (Figures S39−S48).
We posit that the investigated DOTA complexes do not

involve su#cient amide bond coordination and polarization,

Figure 3. (A) Stepwise radiochemical labeling and reaction scheme to monitor autolytic amide bond cleavage. (B) Stacked chromatograms
monitoring the bond cleavage reaction at 80 °C. (C) Quantitation of the reactant and product based on radio-HPLC chromatograms. (D)
Comparison of the time course of the macroscopic cleavage reaction and the corresponding reaction at the tracer showing that both reactions show
nearly identical kinetics.

Figure 4. (A) Proposed reaction mechanisms proceeding via the N3O3 coordination mode (low pH, top) and N4O2 mode (high pH, bottom), with
both resulting in the N, O acyl shift followed by ester hydrolysis to form the products. (B) Representative HPLC chromatograms of the reactant
(gray box), N, O acyl shifted intermediate (gold box), and cleaved peptide product (red box). (C) Species time course analysis and quantification.
(D) Determination of individual reaction rates for rearrangement and hydrolysis reaction (n = 2 and 3). R = GW-CONH2.
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and Cu2+ favors formation of a 5-coordinate complex with
NO2A without coordinative involvement of the amide,
resulting also in decreased bond polarization. [Ga(NO2A-
amide)]+ and [Sc(NO2A-amide)]+ complexes, however, both
e#ciently catalyzed amide bond hydrolysis adjacent to a serine.
Figure 2 summarizes the observed reactivity.
Encouraged by natGa-triggered cleavage, we next probed the

selective release of radiolabeled complexes at tracer concen-
trations, to a#rm that the proteolytic activity was governed by
the complexed metal ion and not by any free metal ion present
in macroscopic excess. The model peptides (10 nmol) were
radiolabeled with 100 μCi of 67Ga (corresponding to 2.5
pmol), at room temperature and pH 4.5 (10 mM sodium
acetate). Radiochemical labeling yields (RCY) of >99% were
observed for all model peptides at room temperature within 10
min (see Supporting Information, Schemes S4−S6). Following
radiochemical complexation, the autolytic cleavage was
monitored at di!erent temperatures in accordance with
macroscopic, nonradioactive experiments (25, 37, and 80
°C). As anticipated, the [67Ga]Ga(NOTA) complex was
released from the conjugate [67Ga][Ga(NO2A)]+-S-G-W-
CONH2. The autolytic amide bond cleavage resulted in
clean product formation at 80 °C as well as 37 °C (Figure 3B−
D). The corresponding [67Ga][M(DOTA)]-S-G-W-CONH2
control was hydrolytically stable within the investigated time
frame (Supporting Information, Figure S55). While corre-
sponding Sc complexes exhibited analogous behavior, radio-
chemical studies were not conducted with the corresponding
radioactive isotope as [Sc(NO2A-amide)]+ complexes do not
exhibit su#cient kinetic inertness for in vivo applications and
drug development.42
Kinetic Studies. As the amide bond cleavage occurs only at

appreciable reaction rates with model peptides containing
[Ga(NO2A)]+-amide and [Sc(NO2A)]+-amide linked to a
serine, we considered multiple mechanistic pathways involving
the metal complex as plausible: (i) activation of a ternary aqua
ligand by direct coordination to the metal center, (ii)
activation/destabilization of the complex-adjacent peptide
bond by coordination of the carbonyl oxygen, and (iii) N, O
acyl shift rearrangement involving transient coordination of the
alpha-amine of the serine (Figure 4A).38
We performed the cleavage assay at varying pH values of 4.5,

5.5, 6.5, 7.5, and 8.5 at 80 °C using the [Ga(NO2A)]+-S-G-W-
CONH2 model sequence, which was identified during the
structural screening. To monitor and quantify substrate
consumption and formation of relevant intermediates or
products, analysis was conducted using HPLC-MS.
After adjustment of pH and temperature, HPLC-MS analysis

revealed a second peak with the same mass signal as the
substrate but shifted retention time (Figure 4B). This indicated
the formation of the acyl N, O shifted ester intermediate
followed by appearance of the desired products H-S-G-W-
CONH2 and [Ga(NOTA)]. Observation of the putative
structural isomer ester intermediate corroborates that amide
bond hydrolysis occurs by the N, O acyl shift.35,43 NO2A-
amide ligands exhibit coordination of the carbonyl oxygen
(N3O3 donor set) or amide nitrogen (N4O2) with gallium, with
the coordinative switch occurring between pH 3 and 5.44 Both
coordinative modes can induce N, O acyl shift rearrange-
ment35,45 followed by subsequent ester hydrolysis.
The presence of two reaction mechanisms resulting in the N,

O acyl shift is further supported by the uncharacteristic pH
dependence of the observed reaction rates determined in

accordance with previous reports. We observed accelerated
rearrangement and ester hydrolysis at pH 4.5, when compared
with data acquired at 5.5 and 6.5. This is opposite of the
typically observed pH dependence of N, O acyl shift-mediated
autoproteolysis reactions that show the fastest reaction rates at
pH 5.5−6. We note that data obtained at pH 5.5−7.5, where
the N4O2 complex species dominates, corroborate the general
trend well (Figure 4D).46,47 While we cannot exclude that
some amount of the substrate is hydrolyzed by attack of an
exogenous nucleophilic water/OH−, as indicated by observed,
slow turnover of G-linked test sequences vide supra, the
observed pH dependence renders this process less probable
and likely only a minor contributor.

Characterization of the N3O3 Species with VT-MS and
MS-IR. In accordance with previous studies on quantification
of the inner-sphere hydration of coordination complexes using
variable temperature mass spectrometry (VT-MS), we carried
out a corresponding analysis on the positively charged N3O3
species of [Ga(NO2A)]+-S-G-W-CONH2 to probe ternary
aqua complex formation in the gas phase.48,49 We were able to
exclude inner-sphere water; the binding energy was found to
be −30.1 ± 2.7 kJ/mol, within the threshold of −34 kJ/mol
established for inner-sphere water and consistent with the
result for the metal-free NO2A-S-G-W-CONH3

+ (Supporting
Information, Figures S58 and S60). This indicates that even at
elevated pH, the complex-adjacent amide bond is not
nucleophilically attacked by the inner-sphere water. Therefore,
such a reaction mechanism (mechanism (i) vide supra) can
likely be excluded. Furthermore, formation of a ternary aqua
complex was not supported by a previous study using solid-
state X-ray structural data of [Ga(NO2A-amide)]+ com-
plexes.44
We next sought to structurally characterize the species

observed in the HPLC-MS experiments using mass-selective
infrared spectroscopy (MS-IR). Briefly, this technique isolates
the analyte in a mass spectrometer, allowing an infrared
absorption spectrum of a well-defined hydration state to be
recorded. We posited that carbonyl stretches in [Ga-
(NO2A)]+-S-G-W-CONH2 and its isotopically labeled ana-
logue could be identified to provide confirmative structural
assignment of the N3O3 motif. Figure 5 compares the spectra
of NO2A-S-G-W-CONH3

+, [Ga(NO2A)]+-S-G-W-CONH2,
and [Ga(NO2A)]+-*S-G-W-CONH2, a corresponding ana-
logue containing N-15/C-13-labeled serine (Supporting
Information, Figure S63). The incorporation of the metal ion
enables clear identification of the carboxy stretches at 1719 and
1767 cm−1 (Figure 5, purple), following the pattern for EDTA-
chelated metal ions reported recently.50 These features appear
broader in the metal-free species, likely due to isomers
involving di!erent arrangements of the carboxylic acid groups
in the absence of Ga. Introduction of isotopically labeled serine
residues induces a distinct redshift of the 13C-carbonyl amide
to lower wavenumbers (denoted by *) and provides means to
assign other peptide-backbone amide carbonyl stretches
(Figure 5, blue).51 Finally, the coordination of the amido
carbonyl (Figure 5, orange) to the Ga3+ metal center yields a
redshift and an intensity increase as expected,52,53 and the
adjacent 15N of the seryl residue further lowers the vibrational
frequency in the labeled complex. These assignments are
supported by quantum chemical calculations, which confirm
that complexation of the carbonyl leads to an 85 cm−1 redshift
(Figure S106).
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With this spectroscopic signature understood, we turned to
identify the structure of the intermediate. We expected the
N3O3 coordination mode to retain the coordinated amido
carbonyl feature and the N4O2 mode to lose it. Given that the
N4O2 complex is neutral, we observe it in the mass spectrum as
a sodium adduct. Figure 6B compares the spectra of the native
to the sodiated species. Sodiation yields a clear free OH
stretching signal, highlighting the intact serine OH, and
removes the Ga-coordinated carbonyl stretching feature,
identifying this as the N4O2 complex. Shifts in the free NH
stretches upon sodiation are attributed to the breaking of
backbone NH···OC hydrogen bonds in favor of chelation of
the sodium ion by the amid carbonyls.
Having positively identified both the N3O3 and N4O2

complexes, we next tracked the changes to their spectra
upon 2 h of incubation (shaded spectra in Figure 6C). No
changes are observed in the spectrum of [Ga(NO2A)]+-S-G-
W-CONH3

+, but the intensity of its signal in the mass
spectrum reduces with incubation time in a similar manner to
the HPLC-MS results in Figure 4. Combined with a
concomitant increase in the sodium adduct signal, this suggests
the depletion of N3O3 and production of N4O2 as the reaction
progresses. Moving to the spectrum of the sodium adduct,
much of the spectrum is similar after incubation, but the OH
stretching feature (identified by “−” in Figure 6C) is
substantially reduced. Further inspection of the spectrum of
the isotopically enriched species reveals a simultaneous
reduction of the intensity of the serine amide stretch near
3400 cm−1 (also marked with “−”), which su!ers a 6 cm−1

redshift upon exchange with 15N. Quantum chemical
predictions (Figure S106) suggest more than a hundred-fold
reduction of the intensity of this NH stretch after the acyl shift.
Thus, we conclude that the spectra indicate depletion of the
unreacted complex and the generation of a structurally similar

Figure 5. Vibrational spectra of mass-selected (NO2A)-S-G-W-
CONH2, the corresponding Ga complex, and the isotopically labeled
analogue demonstrating clearly identifiable carbonyl stretches across
the entire molecule. The coordinated carbonyl (orange) redshifts and
gains intensity compared to the metal-free complex. The asterisk (*)
denotes the carbonyl associated with 13C.

Figure 6. (A) Structures observed by MS-IR analysis. (B) IR spectra of NO2A-S-G-W-CONH3
+ (blue) and its sodiated reaction intermediate

(gold) as prepared. (C) Spectra of as-prepared (dark) and incubated (2 h, shaded) NO2A-S-G-W-CONH3
+ and its sodiated intermediate (gold:

monoisotopic; green: isotopically labeled). “−” denotes specific peaks that decrease in intensity upon incubation, while “+” denotes peaks that
increase in intensity.
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species lacking OH and serine NH moieties that we identify as
the acyl-shifted N4O2 intermediate.

Proof-of-Concept (1): Selective Release of High-
Molar-Activity Radiopharmaceuticals. Subsequently, we
conducted a first validation of the MMAAC strategy for

Figure 7. (A) Reaction scheme for the proof-of-concept systems based on compound 10 with amide bond cleavage in solution and on the solid
phase. The cleavable sequence is shown in purple. (B) HPLC monitoring of amide bond cleavage in solution for the conversion of 67Ga(10) to
Ga(8). (C) Quantitation of the 68Ga(8) product released from TG-10 per time (gold) and cumulative (pink). (D) Monitoring of stability of
67Ga(8) at 80 °C demonstrating no degradation.

Figure 8. (A) Schematic description of MMAAC-mediated radiosynthesis of [68Ga]Ga-8 following generator elution. (B) Photograph of the
experimental setup of MMAAC with a heated syringe sleeve to induce metal-mediated hydrolysis following the chelation step. (C) Coronal PET-
CT images 90 min postinjection of mice injected with 50 μCi [68Ga]Ga-8 synthesized with MMAAC (left) or conventional solution-phase
synthesis (right). (D) Biodistribution analysis 2 h postinjection (n = 4).
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prodrug activation. To this end, we designed a [Ga(NO2A-bb-
Bn)]-linked, targeted construct with a cleavable, serine−
glycine prodrug cap. We prepared the NOTA-linked short
peptide conjugate 10, targeting the prostate-specific membrane
antigen (PSMA). The construct includes a doubly function-
alized NOTA chelator that incorporates a cleavable G−S
(glycine−serine) cap by amidation; a PSMA-targeting peptide
was introduced via backbone functionalization of the macro-
cycle in accordance with methods established by us previously
(Figure 7A).54
We then probed radiochemical labeling and autocleavage

e#ciency with the radioactive isotope 67Ga. The direct, in-
solution radiolabeling to produce [67Ga]Ga(10) resulted in
high radiochemical yield (>90%) at pH 5.0 and at 37 °C.
Incubation of [67Ga]Ga(10) at 37 and 80 °C revealed the
selective release of 67Ga-NOTA-Bn-PSMA ([67Ga]Ga(8))
with t1/2 = 22.2 and 0.81 h, respectively (Figure 7B and
Supporting Information, Figure S64). The resulting product
[67Ga]Ga(8) was not sensitive to further degradation or
radiolysis within 80 h at 80 °C (Figure 7D and Supporting
Information, Figure S64). The significantly accelerated amide
bond cleavage even at 37 °C indicates that the autolytic amide
bond cleavage mechanism can be modulated by greater steric
encumbrance and may be compatible with prodrug activation
by release in vivo systems.
With these optimized drug release conditions validated in

solution, we posited that selective release of radiopharmaceu-
ticals from a solid support upon binding of the metal ion would
be feasible. If successfully implemented, MMAAC would result
in the release of only the desired radiometal complex into
solution, while the unreacted precursor would remain on the
solid support, maximizing achievable molar activities. This

contrasts with conventional, in-solution radiochelation, which
produces the radiolabeled complex in the presence of a 4−5
orders of magnitude excess ligand (e.g., typically a 1:1000 M:L
ratio), limiting achievable molar activities, which consequently
can inhibit or reduce e!ective binding of in vivo targets.55
The synthesis of the tentagel-appended PSMA-NOTA (TG-

10) prodrug was conducted using a postsynthetic, terminal
resin loading strategy (see the Supporting Information). To
validate MMAAC as an e#cient strategy for preparation of
radiopharmaceuticals, we prepared the 68Ga-PSMA derivative
([68Ga]Ga-8) by selective release from a resin-appended
prodrug using 68Ga sourced from a commercial 68Ge/68Ga
generator. The [68Ga]Ga-8 radiotracer was tested for radio-
chemical labeling e#ciency, radiochemical purity, and
autocleavage e#ciency using the tentagel-appended PSMA-
NOTA (TG-10) prodrug. To this end, a commercial
68Ge/68Ga generator was eluted, bu!ered to pH 5, and loaded
directly onto the functionalized resin TG-10 in at a total
reaction volume of 1 mL. Radiolabeling was conducted at 37
°C using 10 nmol of the peptide on resin (Figures 7A and 8A).
The direct solid-phase radiolabeling step retained >90% of the
loaded activity. Subsequent incubation of TG-10 at 80 °C
produced [68Ga]Ga(NOTA)-Bn-PSMA ([68Ga]Ga-8) with t1/2
= 0.5 h (Figure 7C) and e#cient release of >95% of bound
activity from the resin. The resulting product was hydrolyti-
cally stable at 80 °C (Figure 7D). Coregistration of the UV
signal with the resin−eluate indicates that the quantity of the
released peptide is too low to be detectable, which is in
accordance with the anticipated high molar activity of the
product.
To validate the performance of the high-molar-activity

construct, we tested [68Ga][Ga(8)] in a corresponding mouse

Figure 9. (A) Probe design and mechanism of action of sequence-dependent cleavage in vivo. (B) In vitro binding experiment probing binding
a#nity to human serum albumin (n = 3). (C) Urine metabolite analysis of [67Ga][Ga(17A)]+ (blue box) with an appearing target metabolite
[67Ga]Ga(NOTA) (gray box). (D) Urine metabolite analysis of [67Ga][Ga(17B)]+ (purple box).
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model. Specifically, we employed the RM-1 murine prostate
cancer cell line compatible with immunocompetent mice. In
contrast with the human-derived PSMA-expressing cell lines
PC-3 PiP (500,000 receptor copies per cell), RM-1 only
expresses approximately 80,000 copies of the PSMA receptor
per cell.56,57 This induces a greater sensitivity to the molar
activity of radiopharmaceuticals, with low molar activity
reducing probe uptake in target tissues. We conducted
radiosynthesis of [68Ga]Ga-8 using MMAAC followed by
administration to tumor-bearing mice, positron emission
tomography (PET) imaging at 90 min postinjection, and
biodistribution analysis at 2 h postinjection. Uptake in the
tumor reached 2.45% ID/g at 2 h postinjection, demonstrating
good tumor conspicuity and significant target accumulation
(Figure 8C,D, “MMAAC”, pink bars). Comparatively, when
we conducted a conventional, in-solution radiosynthesis,
imaging, and biodistribution analysis with 0.2 mCi/nmol
molar activity, probe accumulation reached only 0.97% ID/g in
the tumor (Figure 8C,D, “conventional”, gray bars). A
corresponding blocking experiment at 0.01 mCi/nmol molar
activity further demonstrated the reduction of target-specific
uptake and sensitivity of this cell line and tumor model to the
radiopharmaceuticals’ molar activity (Figure 8D, striped bars).
Proof-of-Concept (2): Prodrug Release In Vivo. Due to

the feasibility of MMAAC at 37 °C, we posited that the
hydrolysis of the metal complex could also be observed in vivo.
To this end, we designed proof-of-concept constructs 17 and
18, which incorporate the [M(NO2A)]n+-X (X = G or S) motif
appended to en-ibuprofen. This moiety has previously shown
to bind e!ectively to murine and human serum albumin58,59
and thus would exhibit prolonged in vivo circulation to track
reaction progress using radiochemical tracing with the longer-
lived isotope 67Ga (Figure 9A). In-solution chemical synthesis
of 17A (X = S, cleavable) and 17B (X = G, noncleavable
control) was achieved by sequential solution phase amide bond
couplings (Supporting Information). Sensitivity to hydrolysis
of [Ga(17A)]+ was verified, and the human serum−albumin
(HSA) binding of [67Ga][Ga(17A)]+ and [67Ga][Ga(17B)]+
was 96 and 92%, respectively (Figure 9B). Hydrolysis of 50%
[67Ga][Ga(17A)]+ resulted in 42% bound activity to HSA,
demonstrating that the hydrolyzed complex [67Ga]Ga(NOTA)
did not exhibit significant binding (Figure 8B).
With [67Ga][Ga(17A)]+ and [67Ga][Ga(17B)]+ validated,

we conducted in vivo metabolite tracking experiments next.
The constructs (200 μCi) were administered to separate
cohorts of naiv̈e balb/C mice, and cohorts (n = 3) were
sacrificed at 2, 6, 12, and 24 h postinjection. In addition to
biodistribution, blood and urine metabolite analysis was
conducted with radio-HPLC, as intact probes and hydrolyzed
complex metabolites are easily distinguishable by retention
time. We observed e!ective MMAAC release of the [67Ga]-
Ga(NOTA) complex for [67Ga][Ga(17A)]+ in blood and
urine (Figure 9C), while [67Ga][Ga(17B)]+ was stable and
appeared as the only detectable metabolite at sampled time
points (Figure 9D). In contrast with previously determined
kinetic rates ex vivo, [67Ga][Ga(17A)]+ was fully hydrolyzed at
the 12 h mark, which indicates that in vivo hydrolysis proceeds
with a significantly faster rate than in the test tube. We
currently hypothesize that the more lipophilic protein
environment of serum albumin accelerates the MMAAC rate
when [67Ga][Ga(17A)]+ is bound; future experiments beyond
the scope of this work are planned to address and further study

how MMAAC rates can be modulated selectively in vitro and
in vivo.

■ CONCLUSIONS
In summary, we demonstrate autolytic, metal complex-
mediated amide bond cleavage, which represents a viable
method for prodrug activation and synthesis of metallodrugs.
The activation of corresponding prodrug structures by the N,
O acyl shift mechanism occurs only following formation of the
corresponding coordination complex. Conveniently, reaction
rates remain (too) slow at room temperature and significantly
accelerate at elevated temperatures (37/80 °C) The strict
dependence of the observed reactivity on direct adjacency to
serine provides a convenient tool to build clearly defined
prodrug structures that employ metal complexes as release
triggers.
The MMAAC approach is compatible with trace concen-

trations of the prodrug and metal ions without the need for an
exogenous catalyst or reactant to produce the desired product,
as demonstrated by studies conducted at the macroscopic
(μmol) and radiotracer (pmol) scale. Our corresponding
proof-of-concept studies indicate that autolytic, metal complex-
mediated amide bond cleavage is suitable for the synthesis of
“slow-release” and high-specific-activity radiopharmaceuticals:
two in vivo experiments were carried out to demonstrate that
(1) high-molar-activity radiopharmaceuticals synthesized with
MMAAC can exhibit improved in vivo performance and (2)
MMAAC can be employed to induce selective compound
degradation in vivo. Future work will entail expansion of scope
beyond Ga3+ and Sc3+ metal ions and tuning of reaction rates
by modification of the peptide sequence, ionic strength, and
polarity of the chemical environment.
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