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5 ABSTRACT: The aggregation process of a series of mono- and
6 dinuclear gold(I) complexes containing a 4-ethynylaniline ligand
7 and a phosphane at the second coordination position (PR3-Au-C
8 CC6H4-NH2, complexes 1−5, and (diphos)(Au-CCC6H4-
9 NH2)2, complexes 6−8), whose biological activity was previously
10 studied by us, has been carefully analyzed through absorption,
11 emission, and NMR spectroscopy, together with dynamic light
12 scattering and small-angle X-ray scattering. These experiments
13 allow us to retrieve information about how the compounds enter
14 the cells. It was observed that all compounds present aggregation in
15 fresh solutions, before biological treatment, and thus they must be
16 entering the cells as aggregates. Inductively coupled plasma atomic
17 emission spectrometry measurements showed that mononuclear
18 complexes are mainly found in the cytosolic fraction; the dinuclear complexes are mainly found in a subsequent fraction composed
19 of nuclei and cytoskeleton. Additionally, dinuclear complex 8 affects the actin aggregation to a larger extent, suggesting a cooperative
20 effect of dinuclear compounds.

21 ■ INTRODUCTION

22 Gold compounds have a long and important tradition from
23 ancient times, where they were already used in medicine (the
24 so-called Chrysotherapy).1 At the beginning, gold complexes
25 were widely used for the treatment of several diseases,
26 especially as antiinfectious and antitubercular agents, but the
27 treatment of rheumatoid arthritis with a phosphine−gold
28 thiolate complex, auranofin, was a key point in revealing the
29 potential of these types of complexes as metallodrugs.
30 Nowadays, these types of complexes are very well studied
31 because of their potential applications as anticancer agents2−10

32 and even, very recently, because of preliminary promising
33 results in the fight against the SARS-CoV2 virus.11,12

34 Interestingly, gold(I) metallodrugs display better tolerance in
35 in vivo studies than platinum derivatives, which are well-known
36 as anticancer agents since the discover of cisplatinum.
37 Phosphane−gold(I) alkynyl complexes are among the most
38 studied of the gold(I) complexes reported, with some
39 promising results in the literature for potential anticancer
40 activity.9,13−20

41 The mechanism of action of gold(I) complexes seems to be
42 significantly different from that followed by platinum drugs
43 because gold(I) targets cellular enzymes, while platinum
44 compounds target DNA. Knowledge of the interactions of
45 medicinal gold compounds with proteins is highly relevant to
46 understanding and defining their mechanism of action.

47Proteomic and metallomic strategies were successfully
48implemented for elucidation of the specific mechanistic
49features of anticancer metallodrugs uncovering their physio-
50logical processes and molecular targets from the perspective of
51a biological system,21−23 together with specific techniques
52including fluorescence spectroscopy and microscopy, X-ray
53fluorescence spectrometry (total reflection X-ray fluorescence),
54mass spectrometry, absorption spectroscopy, X-ray crystallog-
55raphy, NMR spectroscopy, X-ray absorption spectroscopy,
56inductively coupled plasma, and others.13,19,21,24,25 These
57studies allowed the determination of local metallic structures
58participating in the interaction with proteins, speciation of the
59complexes, cellular uptake, and biodistribution. Interestingly, it
60seems that the binding of metal complexes to proteins might
61not alter the protein conformation and the secondary or
62tertiary structure of the proteins, with metal binding being
63assured by the directional interactions of the metal with
64specific residue side chains.26
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65 In general, it is well accepted that the thioredoxin reductase
66 enzyme appears as the main target of these types of
67 metallodrugs because of the high affinity of gold for thiol
68 and selenol groups,5,7 although their mechanism of action is
69 not completely understood yet, and other targets such as
70 aquaporin-3,27 zinc finger proteins [such as poly-
71 (adenosnediphosphate riose)polymerase-1],28 quadruplex
72 DNA,29,30 and other thiolate-dependent enzymes (such as
73 human glutathione reductase, glutathione peroxidase, gluta-
74 thione-S-transferases, and cysteine protease)7 cannot be
75 ignored.
76 On the other hand, it must be highlighted that gold(I)
77 complexes are well-known to establish gold(I)···gold(I)
78 interactions (either intra- or intermolecularly)31,32 to yield
79 supramolecular assemblies, which are particularly favored in

80aqueous solutions even at very dilute concentrations.33−39 This
81fact indicated that aggregation might be directly involved in the
82biological mechanism of gold(I) metallodrugs and that they
83may be directly administered as aggregates to the cells.
84Although some studies regarding this field have been found in
85the literature related to other anticancer drugs with purely
86organic structures or with nanoparticles,40,41 to the best of our
87knowledge, this analysis has no precedent in the literature with
88metallodrugs [and, in particular, gold(I) metallodrugs] and is
89also of great relevance toward ongoing drug design.
90For this reason, we have synthesized and studied a series of
91phosphane−gold(I) 4-ethynylaniline complexes whose bio-
92logical activity was previously reported by us.13 In this work,
93careful focus has been put on analysis of the behavior of the
94metallodrugs before they enter the cells, i.e., how the molecules

Figure 1. Chemical structures of the biologically active gold(I) complexes studied in this work.

Figure 2. X-ray crystal structures of 1a (A) and 1b (B). Color code: yellow, gold; orange, phosphorus; black, carbon; light blue, nitrogen. Hydrogen
atoms and solvates have been omitted for clarity.

Figure 3. X-ray crystal structures of 4 (A) and 5 (B). Color code: yellow, gold; orange, phosphorus; black, carbon; light blue, nitrogen. Hydrogen
atoms have been omitted for clarity.
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95 enter the cells and a detailed and complete analysis of their
96 aggregation, in order to retrieve information that should
97 significantly contribute toward the future development and
98 understanding of gold(I) metallodrugs.

99 ■ RESULTS AND DISCUSSION
f1 100 Synthesis of the compounds (Figure 1) was performed

101 following the same procedure previously described by us.13

102 As in previously explored work, gold(I) alkynyl complexes are
103 well-known to aggregate, both in the solid state and in solution,
104 g iv ing r i se to d ifferent supramolecu la r as sem-
105 blies.33,35,37,39,42−44 Nevertheless, to the best of our knowledge,
106 the possible correlation between the formation of supra-
107 molecular assemblies and the observed biological activity has
108 not yet been explored and was the goal of the studies presented
109 herein.
110 Aggregation of the Molecules. Single crystals suitable
111 for X-ray diffraction were obtained from dichloromethane/

f2f3 112 hexane solutions of 1, 4, and 5 (Figures 2 and 3). All
113 complexes present a linear coordination around the gold(I)
114 center, with the P−Au−C angles ranging between 169.2(4)

t1 115 and 177.6(1)° (Table 1). The P−Au and Au−C bond

116 distances are in good agreement with those previously reported
117 for gold(I) complexes with the general structure phosphane−
118 gold alkynyl.13,44−47 The three complexes display near-linear
119 geometry of the P−Au−CC−C units and N−H···Csp and
120 C−H···π interactions in the 3D crystal packing, both
121 previously reported in the literature,13,31,36,48−51 together
122 with aurophilic contacts in both 1a and 1b.
123 Complex 1 crystallizes in two different solid-state structures,
124 giving colorless and yellow crystals, both of them establishing
125 intermolecular aurophilic contacts. The asymmetric unit of the
126 colorless crystals (1a) displays two trimers and two molecules
127 of dichoromethane, and the molecules are twisted in
128 antiparallel conformations connected through aurophilic
129 intermolecular interactions of 3.083(2)−3.196(2) Å, as
130 observed for other previously reported gold(I) complexes
131 (bearing the same phosphane).35,38 On the other hand, the
132 unit cell of the yellow crystals (1b) consists of discrete
133 molecules that are connected through aurophilic contacts of
134 3.444(1) Å in the 3D crystal packing (Figures 1 and S1 and
135 S2). The asymmetric unit cell of complex 4 contains two
136 molecules in an antiparallel disposition (Figure 3A), while
137 complex 5 crystallizes as a discrete molecule (Figure 3B).

138Thus, taking into consideration that the X-ray crystal
139structures of complexes 3, 7, and 8 were also reported in our
140previous work,13 the only missing solid-state information is
141that corresponding to complexes 2 and 6. Inclusion of the new
142X-crystal data is of great relevance to support the presence of
143supramolecular assemblies in all cases in the solid state.
144Nevertheless, more studies were needed in order to find out if
145these assemblies persisted in solution, as esd expected for these
146types of complexes based on previous data.33 Thus, great effort
147was put into this work in order to retrieve some information
148about possible aggregation of the molecules in solution. This
149will shed some light about the state of the active complexes
150being of great relevance for the design of new metallodrugs
151with improved activity in their aggregated forms.
152The aggregation process starts at the critical aggregation
153concentration (c.a.c.), and thus this is a key parameter to be
154determined. This concentration may depend on several factors,
155such as the interaction between the complex and solvent
156(which will depend on the solvent polarity), as well as the
157bulkiness of the phosphane and/or nuclearity of the complex.
158In this work, the phosphine bulkiness, hydrophobicity, and
159nuclearity were modified, while keeping constant all of the
160other parameters, including the medium, for the purpose of
161drawing better comparisons. Thus, the absorption and
162emission spectra at different concentrations were recorded in
163water/dimethyl sulfoxide (DMSO) mixtures. The plot of the
164absorption or emission maxima versus concentration enabled
165 t2determination of the c.a.c. value at the inflection point (Table
166 t22 and Figures S5−S20). It can be observed that all complexes

167tend to aggregate between 5 × 10−6 and 1 × 10−5 M, where an
168increase of the baseline is observed because of the dispersion
169effect of the aggregates,37 and a new absorption band around
170350−400 nm can also be detected in some cases. This new
171band may be correlated with the formation of aggregates with
172possible aurophilic contacts.52 A second emission band also
173appears at longer wavelengths, around 470 nm, due to the
174aggregated species. Thus, the bulkiness of the phosphane does
175not seem to be a key parameter in the aggregation process. In
176fact, the solubility appeared to be the driving force of this
177process, with the lowest c.a.c. values in this medium
178determined for the more insoluble tris(naphthyl)- and
179diphenylphosphaneacetylene phosphanes.
180As expected, emission of the aggregates is affected by the
181temperature (Figures S21−S25). It can be seen that the
182aggregation process is more favored at higher temperatures,
183and it can be assumed that hydrogen-bonding interactions
184between the complexes and solvent molecules are broken with
185temperature, thereby favoring hydrophobic interactions, as
186previously observed for other gold(I) supramolecular assem-
187blies.34

188The 1H and 31P NMR spectra were performed at different
189concentrations in water/DMSO mixtures in order to obtain
190additional information regarding which part of the molecule is
191more affected during the aggregation process (Figures S26−

Table 1. Selected Bond Lengths (Å) and Angles (deg) for 1,
4, and 5

compound distance (Å) angle (deg)

1a Au−P: 2.257(7)−2.276(8) P−Au−C: 173.9(8)−177.4(9)
Au−C: 1.98(3)−2.05(3)
Au···Au: 3.083(2)−3.196(2)

1b Au−P: 2.256(3) P−Au−C: 169.2(4)
Au−C: 2.02(1)
Au···Au: 3.444(1)

4 Au−P: 2.270(1)/2.277(1) P−Au−C: 173.7(2)/175.0(2)
Au−C: 1.995(6)/1.996(6)
Au···Au: 7.2276(6)

5 Au−P: 2.280(1) P−Au−C: 177.6(1)
Au−C: 2.010(4)
Au···Au: 5.1661(4)

Table 2. Values of the c.a.c. of Complexes 1−8

compound c.a.c. (M) compound c.a.c. (M)

1 5 × 10−6 5 5 × 10−6

2 5 × 10−6 6 1 × 10−5

3 1 × 10−5 7 5 × 10−6

4 5 × 10−6 8 5 × 10−6
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192 S36). This mixture of solvents was chosen to best approximate
193 the biological experimental conditions. The required concen-
194 trations for NMR experiments are higher than those previously
195 used in the absorption and emission experiments, and thus
196 they are all above the c.a.c. The 1H NMR spectra in DMSO-d6
197 were also included for those complexes that present lower
198 solubility, which hinders identification of the different peaks in
199 the NMR of the aggregates (see the Supporting Information).
200 Small peaks can be detected close to the main peaks in all cases
201 because of the presence of different types of aggregated
202 species.34 Additionally, it can be observed that the signals
203 become broader in the presence of deuterated water (D2O)
204 because of the more favored resulting supramolecular
205 assemblies. Particularly relevant is the case of the more
206 hydrophobic compounds 3 and 6, where only the peaks of the
207 aniline can be clearly detected. Nevertheless, the correspond-
208 ing spectrum in pure DMSO-d6 indicates correct formation of
209 the compounds. It can be observed that for those compounds
210 that contain a more water-soluble phosphane (compounds 1
211 and 2 with PTA and DAPTA phosphanes, respectively) a slight
212 (0.12 ppm) upfield shift in the phosphane protons, together
213 with the presence of a secondary set of signals related to the
214 aniline moiety, is recorded in the 1H NMR spectra. A slight
215 downfield shift in the 31P NMR spectra (ca. 1.5 ppm) is also
216 observed. This behavior agrees with the presence of larger
217 aggregated assemblies at higher concentrations, where both
218 parts of the molecule (phosphane and aniline group) are
219 affected. This was previously displayed in the X-ray crystal
220 structures because the aurophilic contacts (close to the
221 phosphorus atom) and N−H···π interactions were involved
222 in the intermolecular contacts, affecting their NMR chemical
223 shifts. On the other hand, only the aniline protons are affected
224 by the concentration in the more hydrophobic compounds
225 (i.e., compounds 3 and 5−8) that also display N−H···π
226 interactions in the X-ray crystal structures. Their lower
227 solubility in the experimental conditions supports the
228 formation of more stable aggregates at the lower NMR
229 concentrations used, which is not affected by the further
230 increasing concentrations. A particular case is compound 4,
231 which contains the triphenylphosphane group, PPh3, where
232 again both parts of the molecule (aniline and phosphane) are
233 affected by the concentration. The X-ray crystal structure of 4
234 (Figure S3) shows the presence of intermolecular contacts
235 between the phenyl groups (C−H···π), which may be
236 maintained in solution (in the aggregated form) and can
237 explain the involvement of phosphane in this process, together
238 with the N−H···π interactions involving the aniline.
239 Correlation between Aggregation and Cell Penetra-
240 tion. The partition coefficients of the compounds were
241 retrieved through absorption spectroscopy in water/octanol
242 mixtures, although the determination of this parameter was
243 only for complexes that possessed at least partial solubility in

t3 244 octanol (compounds 3−5 and 8; Table 3). The observed trend
245 was 8 > 4 > 3 > 5. The log Kow values are related to the
246 corresponding hydrophobicity of the complexes, and con-
247 sequently it is expected that the compounds that possess
248 extended aromaticity or a rigid phosphane (and therefore
249 being less soluble in water) might cross the membranes more
250 easily.
251 The observed aggregation of all of the studied complexes led
252 to an important question regarding the state of the samples in
253 the previously studied biological activity. To understand
254 whether the presence of aggregates plays an important role

255in the previously studied biological activity of the compounds,
256several factors were taken into consideration. The first factor
257considered was the molecules’ behavior in aqueous solutions
258and their uptake by the cells, either as monomers or as
259aggregates. To shed some light on this issue, absorption
260spectroscopy and dynamic light scattering (DLS) experiments
261were recorded at different times (points crucial for the
262biological assays) and with the same conditions (water
263solutions with 0.1% DMSO at 37 °C). In all cases, the
264concentrations used were above the c.a.c. values to favor the
265formation of aggregates. A decrease in the absorption band is
266observed at longer times, together with an increase of the
267baseline due to an increase of the formation of aggregates
268(Figures S37−S44). Additionally, DLS data revealed that fresh
269solutions, considered to be t = 0 (recently dissolved
270molecules), already possess the molecules in their aggregated
271forms (Figures S45−S52), being a clear indication of the fast
272kinetic formation of self-assembled structures. Additionally, the
273recorded sizes at t = 3−6 h are almost constant, which suggests
274that the fast formation of aggregates is in equilibrium with
275larger or smaller adducts that are finally thermodynamically
276stable after this period. Similar experiments carried out in
277biological media (phosphate-buffered saline) show that, in this
278medium, aggregation is still present, although smaller sizes can
279be detected in all cases. The aggregates are also maintained in
280the presence of a biologically relevant protein, bovine serum
281albumin (BSA), but become smaller (Figures S53−S60). Thus,
282these results suggest that complexes are introduced into cells
283mostly as aggregates, whose size decreases in the presence of
284biological proteins, a relevant finding that, to the best of our
285knowledge, has not been extensively studied for metallodrugs
286prior to this. Initially, the aggregates of compounds 1, 2, 5, and
2878 were observed around 150 nm, and those of 3, 4, and 6 were
288observed at 400−700 nm because of their lower solubility in
289this medium. This agrees with an increase of the absorption
290spectral baseline for these complexes, being more denoted for
2913 and 6 with larger aggregates. The time intervals of 0, 1, 3,
292and 6 h were chosen because they are most pertinent with
293respect to the biological cultures. The observed variations of
294the size in the less soluble complexes may be ascribed to an
295increase of the self-assembled aggregates with time (in
296agreement with the larger broadening recorded in the NMR
297spectra), with those being maintained in the suspension
298smaller (in the case of 3) or more homogeneous (sharper
299signals) in the case of 6. A general increase in the aggregates’
300size is recorded for the more soluble samples, as expected for
301an aggregation process, which is more favored with time. Thus,
302the use of more soluble metallodrugs in a biological medium
303induces a slower kinetic self-assembly. Interestingly, smaller
304sizes were detected for those compounds with shorter Au···Au
305contacts (according to the X-ray crystal data), suggesting that

Table 3. Partition Coefficients for Compounds 1−8

compound partition coefficient log Kow

1
2
3 2.1 0.3
4 4.5 0.7
5 1.2 0.1
6
7
8 6.9 0.8
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306 aurophilicity favors the closer contacts between the molecules
307 with respect to the more extended N−H···π assemblies.
308 Small-angle X-ray scattering (SAXS) experiments were also
309 performed in the same solvent and concentration conditions to
310 verify whether smaller aggregates may be present in the
311 solutions at the biological temperature conditions. The use of
312 this technique was relevant to identifying the presence of
313 aggregated species at lower concentrations, such as those used
314 for the biological experiments, which were more difficult to
315 identify by other spectroscopic techniques. The low-resolution
316 structures were reconstructed ab initio from the scattering
317 patterns using the DAMMIN program. As can be observed in

t4 318 Table 4 and Figures S61−S69, small aggregates exist in all

319 cases with sizes around 200−400 Å, which is additional
320 evidence of the presence of aggregates in solutions of the
321 studied metallodrugs.
322 Previously we found a correlation between the complex
323 internalization and cytotoxicity of mononuclear complexes,
324 with higher intracellular concentrations of gold presenting
325 lower IC50 values (higher cytotoxicity; Figure S70).13 The
326 same trend was observed for dinuclear complexes. However,
327 dinuclear complexes with IC50 values similar to those of
328 mononuclear complexes had higher intracellular percentages of
329 gold.13 This was the case for complexes 7 and 8 (both with
330 IC50 = 0.3 μM) with internalizations of 41.7% and 34.4%,
331 respectively, while complexes 4 (IC50 = 0.1 μM) and 5 (IC50 =
332 0.3 μM) presented 7.2% and 4.0%, respectively, of internalized
333 gold.13 Interestingly, when we compared this data with those
334 from DLS, complexes 5, 7, and 8 with smaller aggregates
335 (∼200 nm) presented the same IC50 of 0.3 μM in ovarian
336 cancer cells.13 Larger aggregates (∼ 300 nm) were recorded for
337 4, with a lower IC50. Hence, the formation of larger aggregates
338 seems to be a positive point for obtaining better cytotoxicity
339 values (lower IC50). Because of the sensitivity of the
340 inductively coupled plasma atomic emission spectrometry
341 (ICP-AES) technique, analysis of complexes that presented
342 gold internalization levels higher than 4% (complexes 4, 5, 7,
343 and 8) was pursued. It must be said that, because of the high
344 cytotoxicity of the complexes in ovarian cancer cells (low
345 micromolar range),13 biological studies performed at 48 h used
346 the IC50 concentration of each complex, which is below c.a.c.
347 Nevertheless, because the ICP-AES experiments were
348 performed for shorter periods of incubation with the cells
349 (to understand their internalization), the concentrations used
350 in these cases were near the c.a.c., allowing better correlation
351 with the above-described aggregation studies. Moreover, even
352 in a more complex system (biological media with BSA),
353 aggregation was still observed (see above). Indeed, the
354 complexity of the biological media is even higher because it
355 includes fetal bovine serum, which has different proteins
356 besides BSA, and as described for other materials, a protein
357 corona formation cannot be disregarded.40

358 It is expected that aggregates of complexes with more than
359 200 nm might require energy-dependent pathways, such as
360 endocytosis for internalization.41,53 Nevertheless, hydrophobic

361complexes might alter this internalization process because they
362are more soluble in the membrane lipids. Considering that the
363percentage of intracellular gold was evaluated in A2780 cells
364incubated with the complexes for 3 h at 4 °C, because the
365activity of cellular transporters is temperature-dependent, the
366energy-dependent mechanisms would be mostly inhibited at
367 f4lower temperatures.54,55 Figure 4 shows that, with the

368exception of complex 5, only a slight decrease of the
369internalized gold was observed when the cells were incubated
370with the complexes at 4 °C relative to incubation at 37 °C,
371suggesting that complexes 4, 7, and 8 might enter A2780 cells
372via a passive mechanism. Regarding complex 5, the percentage
373of gold inside cells decreased from 3.9% at 37 °C to 0.38% at 4
374°C. Although it is tempting to assume that the lower
375internalization was due to the inhibition of active transport,
376because the uptake of complex 5 might be via an active
377transport mechanism, it is important to note that passive
378diffusion might also be affected by lower temperature. A
379comparison with the absorption, emission, and SAXS data
380performed at 37 °C also supports the postulation that in all
381cases the aggregates are the internalized species at this
382temperature.
383In line with the results previously observed for complex 3,13

384a decrease of the internalization is observed after 6 h in all
385complexes, with complex 7 showing the highest deviation,
386from 41.7% internalized gold after 3 h to 5.2% internalized
387gold after 6 h (Figure 4). This decrease of the internalization of
388complexes might be correlated, as in the case of 8, with the
389increased size of aggregates over time, as observed by DLS
390(Figure S52), or possibly precipitation over time (due to low
391water solubility; Table 3).
392A dark-field microscopy analysis was performed to under-
393stand whether complexes with higher log Kow values were
394internalized by cells in the aggregated form. The A2780 cells
395were exposed for 3 h with the IC50 values of complexes 4 and 8
396or with 0.1% (v/v) DMSO as the control sample. The results
397showed that cells incubated with complex 4 displayed brighter
398spots at the membrane, consistent with a denser material and,
399 f5hence, with the presence of complex 4 aggregates (Figure 5).
400These results suggest that aggregates of complex 4 interact
401with the cell membranes and might be internalized.
402To further understand the possible uptake of complexes by
403passive mechanisms, particularly for complexes 4, 7, and 8 (5
404was also included for comparison), their partition coefficients
405were analyzed (Table 3). Interestingly, compounds 4 and 8
406show higher partition coefficients, which agrees with their

Table 4. Sizes of the Small Aggregates of the Complexes
Retrieved through SAXS Experiments under Conditions
Analogous to Those Used for Biological Assays

1 2 3 4 5 6 7 8

size (Å) 269 263 284 189 254 275 389 225
Figure 4. Internalization of complexes 4, 5, 7, and 8 in ovarian cancer
cells A2780 after 3 h at 37 °C (dark blue) and 4 °C (light blue) and
after 6 h at 37 °C (green). Bars represent the percentage of gold in
cells relative to the total amount of gold found in the media and cells
for each sample.
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407 higher affinity for membrane lipids and possible diffusion
408 through them compared to complex 5, as stated above.
409 Altogether, the results suggest that, although the internalization
410 of complex aggregates might not be excluded, as observed in
411 Figure 5, the higher cytotoxicity of 4 might be correlated with
412 its lower size of aggregates recorded by SAXS (Table 4) and its
413 hydrophobicity that can more easily cross cell membranes via
414 passive transport (Table 3).
415 Previously we demonstrated that complex 3 induced
416 intrinsic apoptosis in A2780 cells, possibly because of increased
417 reactive oxygen species production.13 To further enlighten the
418 effect of the complexes on A2780 cells, the intracellular
419 distribution within cellular organelles was accessed through
420 cellular fractionation using a detergent-based cell fractionation
421 kit (Cell Signaling Technologies). With this methodology, it is
422 possible to separate the cell content into three fractions: the
423 “cytosolic fraction”, the “mitochondrial fraction” composed of
424 membranes and organelles, and the “nuclear fraction”
425 composed of nuclei and cytoskeletons. The distribution of
426 the complexes throughout the cell fractions was evaluated by
427 ICP-AES. Interestingly, the results suggest that while the
428 original mononuclear complexes are mainly found in the
429 cytosolic fraction, the original dinuclear complexes (7 and 8)
430 are mainly in the later fraction comprised of nuclei and

f6 431 cytoskeletons (Figure 6).

432Because of the high percentage of complexes in the nuclear/
433cytoskeleton fraction, it was examined whether the complexes
434interact with actin. With this purpose, A2780 cells were
435exposed for 0−6 h to the IC50 concentration of the
436mononuclear complex 4 (0.1 μM) or to the IC50 concentration
437of the dinuclear complex 8 (0.3 μM). Afterward, cells were
438fixed with formaldehyde, and actin stained with phalloidin
439 f7(Figures 7 and S71).
440The results show that both complexes presented some
441interaction with actin, causing the formation of actin
442agglomerations, which is consistent with actin disruptions.56,57

443However, while actin aggregates are present in the cells
444incubated with complex 4 for 30 min or 1 h, major actin
445modifications are mainly observed after a 3 h of incubation
446with complex 8 (Figure 7). A closer look at A2780 cells
447incubated with both complexes for 3 h revealed that that the
448actin filaments in cells incubated with complex 8 were more
449disorganized than those in cells incubated with DMSO
450(control conditions) or with complex 4. These results might
451suggest that complex 8 destabilizes the actin cytoskeleton of
452the cells in a major degree probably because of cooperative
453effects between the two gold(I) moieties.58 The interaction of
454gold compounds with actin or actin-related proteins in A2780
455cells was previously described in a proteomic analysis by
456Messori, Modesti, and co-workers,23 where they observed a
457decreased expression of two actin isoforms when cells were
458incubated with auranofin and Auoxo6. The cytoskeleton
459modification and/or reorganization was frequently correlated
460with apoptosis.23,59

461Nevertheless, aggregation does not seem to affect this
462process because both complexes 4 and 8 present similar
463aggregation sizes after 3−6 h. Thus, aggregation seems to be
464involved in a possible passive mechanism to enter the cells, but
465the final biological action (once the compounds are already
466within the cells) is expected to be more susceptible to a
467cooperative effect related to the nuclearity of the metallodrugs.

468■ CONCLUSIONS
469Intermolecular interactions in terms of N−H···π or aurophilic
470contacts play a key role in the aggregation process of a series of
471gold(I) metallodrugs, as observed in the X-ray crystal packing,
472and these aggregates are maintained in solution even at very
473low concentrations. SAXS experiments were very useful for
474detecting the presence of small aggregates (200−400 Å) that
475can give rise to larger structures (>1000 Å), as detected by
476DLS.
477Correlation between the previously studied biological
478activity and aggregation motifs determined that the samples
479are already incorporated within the cells as aggregates that pass

Figure 5. Analysis of the internalization in the aggregated form of complexes 4 and 8. The ovarian cancer cell line A2780 was incubated for 3 h with
the IC50 values of each complex (0.1 μM for complex 4 and 0.3 μM for complex 8) or 0.1% (v/v) DMSO for control purposes and then fixed with
formaldehyde 4% (w/v). Images were acquired in an Eclipse Ti−U inverted microscope using a dark-field condenser. Orange arrows point to bright
spots consistent with the presence of complex 4 as aggregates.

Figure 6. Distribution of complexes 4, 5, 7, and 8 in the ovarian
carcinoma cell line A2780. Cells were exposed to 10 × IC50 of each
complex for 3 h at 37 °C. Cells were then fractionated using a cell
fractionation kit (Cell Signaling Technologies) into the cytosolic
fraction, mitochondrial fraction (composed of membranes and
organelles), and nuclear fraction (composed of nuclei and
cytoskeletons). The concentration of gold in each fraction was
measured by ICP-AES, and the represented percentage of gold in each
bar is the gold in each fraction relative to the sum of gold in all
fractions.
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480 through the cellular membranes, possibly through a passive
481 diffusion mechanism. Nevertheless, once inside the cells, their
482 biological activity and subcellular localization seem to be more
483 correlated with the original nuclearity of the complexes. These
484 preliminary studies indicate that a wider array of complexes
485 should be analyzed in order to obtain additional evidence that
486 the nuclearity may favor the targeting of complexes to specific
487 biological subcellular compartments.
488 To the best of our knowledge, a study of the mechanism of
489 entering the cells in these types of complexes has no precedent
490 in the literature and is of great relevance to better understand
491 their behavior and toward increased efficacy in the future drug
492 design of metallodrugs.

493 ■ EXPERIMENTAL SECTION
494 General Procedures. All manipulations were performed under
495 prepurified N2 using standard Schlenk techniques. All solvents were
496 distilled from the appropriate drying agents. Literature methods were
497 used to prepare 4-ethynylaniline gold(I) complexes containing
498 monophosphane [1,3,5-triaza-7-phosphaadamantane (pta; 1), 3,7-
499 diacetyl-1,3,7-triaza-5-phosphabicyclo[3.3.1]nonane (2), and PR3,
500 with R = naphthyl (3), phenyl (4), and ethyl (5)] and diphosphane
501 [bis(diphenylphosphino)acety lene (dppa; 6) , 1 ,2-b is -
502 (d ipheny lphosph ino)e thane (dppe ; 7) , and 1 ,3 -b i s -
503 (diphenylphosphino)propane (dppp; 8)].13

504 Physical Measurements. IR spectra were recorded on a Nicolet
505 FT-IR 520 spectrophotometer. 1H NMR [δ(TMS) = 0.0 ppm] and
506

31P{1H} NMR [δ(85% H3PO4) = 0.0 ppm] spectra were obtained on
507 Varian Mercury 400 and Bruker 400 spectrometers (Universitat de
508 Barcelona). Electrospray ionization mass spectrometry (positive-ion
509 mode) spectra were recorded on a Fisons VG Quatro spectrometer
510 (Universitat de Barcelona). Absorption spectra were recorded on a
511 Varian Cary 100 Bio UV- spectrophotometer and emission spectra on
512 a Horiba-Jobin-Ybon SPEX Nanolog spectrofluorimeter (Universitat
513 de Barcelona). DLS spectra were obtained on a Zetasizer Nano S of
514 Malvern (Parc Cientifíc de Barcelona). The samples were measured in
515 quartz cuvettes. SAXS was performed on the NCD-SWEET beamline
516 at the ALBA Synchrotron at 12.4 keV, and the sample/detector
517 distance was 6.2 m to cover the range of momentum transfer of 0.028
518 nm−1 < q < 2.56 nm−1. The data were collected on a Pilatus3S 1 M

519detector with a pixel size of 172.0 × 172.0 μm2. The exposure time
520was 30 s. The q-axis calibration was obtained by measuring silver
521behenate.60 The program pyFAI was used to integrate the 2D SAXS
522data into 1D data.61 The data were then subtracted by the background
523using PRIMUS software.62 The maximum particle dimension Dmax and
524the pair distance distribution P(r) were determined with GNOM.62

525The low-resolution structure of the aggregates was reconstructed ab
526initio from the initial portions of the scattering patterns using the
527DAMMIN program.63

528X-ray Crystal Structure Determination. The crystal data and
529experimental details for the data collection of 1a (CCDC 2070637),
5301b (CCDC 2070638), 4 (CCDC 2070639), and 5 (CCDC 2070640)
531are given in Table S1. The single-crystal data for 1a, 1b, and 4 were
532collected using a Bruker-Nonius Kappa CCD diffractometer with an
533APEX-II detector with graphite-monochromatized Mo Kα (λ =
5340.71073 Å) radiation. Data collection and reduction were performed
535using the programs COLLECT64 and HKL DENZO AND
536SCALEPACK,65 respectively, and the intensities were corrected for
537absorption using SADABS.66 Single-crystal X-ray data for 5 were
538measured using a Rigaku SuperNova dual-source Oxford diffrac-
539tometer equipped with an Atlas detector using mirror-monochro-
540mated Cu Kα (λ = 1.54184 Å) radiation. Data collection and
541reduction were performed using the program CrysAlisPro.67 The
542structures were solved with intrinsic phasing (SHELXT).68 Non-
543hydrogen atoms were assigned anisotropic displacement parameters
544unless stated otherwise. Hydrogen atoms were placed in idealized
545positions and included as riding. The isotropic displacement
546parameters for all hydrogen atoms were constrained to multiples of
547the equivalent displacement parameters of their parent atoms with
548Uiso(H) = 1.2Ueq(parent atom).
549Aggregation Studies. The c.a.c. was obtained by recording the
550absorption, excitation, and emission spectra at different concen-
551trations (5 × 10−5−10−6 M) in a mixture of DMSO and water (50:50
552in the case of 1−5 and 8 or 60:40 in the case of 6 and 7).
553NMR studies at different concentrations (5.5 × 10−3−2.4 × 10−4)
554were carried out by dissolving the corresponding quantity of
555compound in a DMSO-d6/D2O mixture (50:50 in the case of 1−5
556and 8 or 60:40 in the case of 6 and 7).
557The samples for SAXS were prepared 1 week before in order to
558favor the aggregation processes at different concentrations (10−4−5 ×
55910−6 M) in water for 1 and 2 and in water/tetrahydrofuran mixtures
560(50:50) for 3−8.

Figure 7. Interaction of complexes 4 and 8 with actin. The ovarian cancer cell line A2780 was incubated for 0 h, 30 min, 1 h, 3 h, and 6 h with the
IC50 value of each complex (0.1 μM for complex 4 and 0.3 μM for complex 8) and then fixed with formaldehyde 4% (w/v). Cells were stained with
AlexaFluor 488 phalloidin (Invitrogen), and images were acquired on an Eclipse Ti−U inverted microscope with a green filter cube (excitation filter
range at 465−495 nm and emission filter range at 515−555 nm). Orange arrows point to actin agglomerations in cells.
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561 Time-dependent studies of 10−5 M water solutions containing 0.1%
562 DMSO were followed by absorption spectroscopy and DLS at
563 different times (0, 1, 3, and 6 h) at 37 °C.
564 Partition Coefficient. The partition coefficient was calculated
565 following literature methods.69

566 Biological Assays. Cell Culture and Cell Culture Maintenance.
567 Human ovarian carcinoma, A2780, purchased from ATCC
568 (Manassas, VA) was grown and maintained in an RPMI 1640
569 medium (Gibco, ThermoFisher Scientific, Waltham, MA), supple-
570 mented with 10% (v/v) fetal bovine serum (Gibco, ThermoFisher
571 Scientific), 1% (v/v) nonessential amino acids (MEM; Gibco,
572 ThermoFisher Scientific), and a mixture of 100 U/mL penicillin
573 and 100 μg/mL streptomycin (Gibco, ThermoFisher Scientific) at 37
574 °C and 5% (v/v) CO2 in an humidified atmosphere.70

575 Cellular Uptake of Complexes 4, 5, 7, and 8 by A2780 Cells. To
576 evaluate the internalization of the complexes, 2 × 106 A2780 cells
577 were seeded in a 25 cm2 T-flask and allowed to adhere for 24 h.
578 Afterward, the media were replaced by fresh media supplemented
579 with 10 times the respective IC50 value of each complex and incubated
580 for 3 h at 37 and 4 °C or for 6 h at 37 °C. The supernatant was
581 transferred to a clean tube, and the cells were washed with PBS that
582 was added to the supernatant-containing tube. The cells were then
583 detached with TrypLE Express (ThermoFisher Scientific) and
584 pelleted with 500g centrifugation for 5 min. The supernatant was
585 transferred to the supernatant-containing tube, and both the cells and
586 supernatant samples were incubated with aqua regia overnight. The
587 amount of gold in each sample was quantified with ICP-AES. The
588 percentage of intracellular gold was calculated by dividing the gold
589 concentration in the cells by the sum of the gold concentrations in the
590 respective supernatants and cell pellets.13

591 Distribution of Complexes 4, 5, 7, and 8 in Cellular Fractions.
592 A2780 cells were seeded in 25 cm2 T-flasks in a density of 6 × 105

593 cells/mL. After 24 h, the cells were exposed to fresh media
594 supplemented with 10 × IC50 of each complex and incubated for 3
595 h at 37 °C and 5% (v/v) CO2 in a humidified atmosphere. Afterward,
596 the cells were collected with a cell scratcher in PBS, pelleted with 500g
597 centrifugation for 5 min, and fractionated with a Cell Fractionation
598 Kit (Cell Signaling Technologies, Danvers, MA) according to the
599 manufacturer’s instructions. With this protocol, three fractions were
600 obtained: the cytoplasmic fraction, mitochondrial fraction, composed
601 of membranes and organelles, and nuclear fraction. After incubation
602 of each obtained fraction with aqua regia, the amount of gold was
603 quantified with ICP-AES. The percentage of gold in each fraction was
604 calculated by dividing the gold concentration in the specific fraction
605 with the sum of the gold concentrations in the respective cytoplasmic,
606 mitochondrial, and nuclear fractions.
607 Interaction of Complexes 4 and 8 with Actin. A2780 cells were
608 seeded in a 24-well plate in a cell density of 37500 cells/well. After 24
609 h, the media were replaced by the IC50 value of complex 4 (0.1 μM),
610 the IC50 value of complex 8 (0.3 μM), or 0.1% (v/v) DMSO, the
611 vehicle solvent of the complexes. After 0 h, 30 min, 1 h, 3 h, or 6 h of
612 incubation, the cells were fixed with 4% (w/v) formaldehyde (Sigma-
613 Aldrich, Merck, Kenilworth, NJ) for 15 min and washed three times
614 with PBS. The cell membrane was then disrupted by a 5 min
615 incubation with 0.1% (v/v) Triton (Sigma-Aldrich, Merck) and
616 washed three times with PBS, and the cells were incubated for 30 min
617 with 1% (w/v) bovine serum albumin (BSA; NZYtech, Lisbon,
618 Portugal) and 20 min with AlexaFluor 488 phalloidin (Invitrogen,
619 ThermoFisher Scientific), as previously described.71 After washing
620 three times with PBS, the cells were visualized with an Eclipse Ti−U
621 inverted microscope with a green filter cube (an excitation filter range
622 at 465−495 nm and an emission filter range at 515−555 nm), and
623 images were acquired with the respective microscope software. Three
624 different images with around 20 cells were acquired per sample with a
625 40× objective, or five different images with around five cells were
626 acquired with a 100× objective.
627 Dark-Field Analysis. A2780 cells were seeded in a 24-well plate in a
628 cell density of 37500 cells/well. After 24 h, the media were replaced
629 by the IC50 value of complex 4 (0.1 μM), the IC50 value of complex 8
630 (0.3 μM), or 0.1% (v/v) DMSO, the vehicle solvent of the complexes.

631After 3 h of incubation, the cells were fixed with 4% (w/v)
632formaldehyde (Sigma-Aldrich, Merck) for 15 min and washed three
633times with PBS. The cells were visualized with an Eclipse Ti−U
634inverted microscope using a dark-field condenser and a 100×
635objective. Five different images with around five cells were acquired
636per sample.
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