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Abstract: Polymeric nanoparticles with reactive functional groups are an attractive platform for 9 

drug carriers that can be conjugated with drugs through a cleavable covalent linkage. Since the re- 10 

quired functional groups vary depending on the drug molecule, there is a need for development of 11 

a novel post-modification method to introduce different functional groups to polymeric nanoparti- 12 

cles. We recently reported phenylboronic acid (PBA)-containing nanoparticles (BNP) with a unique 13 

framboidal morphology by one-step aqueous dispersion polymerization. Since BNPs have high sur- 14 

face area due to their framboidal morphology and contain a high density of PBA groups, these par- 15 

ticles can be used as nanocarriers for drugs that can bind to PBA groups such as curcumin and a 16 

catechol-bearing carbon monoxide donor. To further explore the potential of BNPs, in this article, 17 

we report a novel strategy to introduce different functional groups to BNPs via the palladium-cata- 18 

lyzed Suzuki-Miyaura cross-coupling reaction between the PBA groups and iodo- and bromo-cou- 19 

pling partners. We developed a new catalytic system that efficiently catalyzes Suzuki-Miyaura re- 20 

actions in water without the need of organic solvent as confirmed by NMR. Using this catalyst sys- 21 

tem, we show that BNPs can be functionalized with carboxylic acids, aldehyde and hydrazide 22 

groups while keeping their original framboidal morphology as confirmed by IR, Alizarin Red assay 23 

and TEM. Furthermore, the potential of the functionalized BNP in drug delivery applications was 24 

demonstrated by conjugating the hydrogen sulfide (H2S)-releasing compound anethole dithiolone 25 

to carboxylic acid-functionalized BNPs and show their H2S releasing capability in cell lysate. 26 
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 28 

1. Introduction 29 

Polymeric nanoparticles have been extensively investigated as drug carriers for over- 30 

coming biological barriers to achieve efficient and safe drug delivery. Those particles can 31 

be loaded with therapeutic agents via physical encapsulation or chemical conjugation. 32 

Despite the simplicity of the physical encapsulation method, this drug loading strategy 33 

often results in premature leakage of drugs before reaching the target tissue. To solve this 34 

issue, chemical conjugation of drugs to polymeric nanocarriers via biodegradable linker 35 

has emerged as an alternative method that can reduce drug leakage during blood circu- 36 

lation. In this approach, targeted drug release can be possible by choosing a linker that 37 

can be cleaved in response to biological triggers such as pH change, oxidative stress and 38 

reducing microenvironment. However, since the functional groups for conjugation de- 39 

pend on the chemical structure of the drug, it is critical to design nanoparticles containing 40 

reactive groups that allows conjugation of a particular drug. Therefore, a polymeric na- 41 

noparticle platform allowing modular post-modification is of great interest in the drug 42 

delivery field. 43 
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We previously reported synthesis of phenylboronic acid (PBA) containing nanopar- 44 

ticles with framboidal morphology (BNP) via aqueous dispersion polymerization of 3- 45 

(acrylamido)phenylboronic acid (APBA) in phosphate buffer solution using methoxy- 46 

poly(ethylene glycol) acrylamide (mPEG-AM) as a polymerizable steric stabilizer, meth- 47 

ylenebisacrylamide (MBA) as a crosslinker and ammonium persulfate (APS) as a initia- 48 

tor.[1] We found that monodisperse clusters composed of small primary particles of ca. 20 49 

nm (framboidal particle) were formed during the polymerization reaction. Because of the 50 

presence of PBA groups with a pKa of 8.5[2], BNPs show a reversible swelling/deswelling 51 

behavior in response to change in pH. The BNP are amendable to surface modification by 52 

replacing mPEG-AM with a carboxylic acid terminated PEG-AM. The carboxyl groups on 53 

the BNP surface were modified with mannosamine via aqueous carbodimide coupling 54 

chemistry. These mannosylated BNPs showed increased cellular uptake in macrophages 55 

via the mannose receptor.[3] In addition, BNPs could be loaded with  a catechol-bearing 56 

carbon monoxide (CO) donor through boronate ester formation between the PBA groups 57 

of BNPs and catechol.[4] A high loading capacity of water-soluble CO-donors could be 58 

achieved due to the higher relative surface area of the framboidal morphology, which in- 59 

creases the amount of PBA moieties exposed to the aqueous media. We showed that these 60 

CO-donor loaded BNPs suppressed the inflammatory response in macrophages. Further- 61 

more, BNPs showed strong binding with curcumin, a plant derived antioxidant with a 62 

wide variety of bioactivities.[5] The BNP mitigated the well-known degradation of this 63 

drug in aqueous solutions. The curcumin-loaded BNPs showed antiangiogenic and anti- 64 

cancer effects in the CAM assay.  65 

While BNPs show great promise as drug carriers, their applications are limited to 66 

drugs that are capable of binding to PBA reversibly. To circumvent this limitation, we 67 

sought to convert the PBA groups of BNPs to different functional groups that would allow 68 

covalent attachment of drug molecules. Apart from the interaction with diols, the PBA 69 

groups are widely used as chemical building blocks in organic synthesis. It is known that 70 

the PBA groups react with aryl halides in the presence of a Pd catalyst to form C-C bond 71 

via Suzuki−Miyaura cross-coupling reactions. We hypothesize that this reaction allows to 72 

introduce various reactive groups to BNPs as outlined in Figure 1. Here we present the 73 

functionalization of BNPs via aqueous Suzuki-Miyaura cross coupling reactions using a 74 

new water-soluble palladium/phosphine catalytic system. BNPs were reacted with a se- 75 

ries of aryl halides and characterized by alizarin red (AZR) fluorescence assay, dynamic 76 

light scattering (DLS), transmission electron microscopy (TEM), UV-Vis spectroscopy 77 

(UV-Vis) and infrared spectroscopy (IR). Furthermore, BNPs bearing carboxyl groups 78 

were modified with an anethole dithiolethione (ADT) derivative, a gasotransmitter hy- 79 

drogen sulfide (H2S) donating drug, and the H2S release capability was tested. 80 

 81 

 82 

Figure 1. Functionalization of phenylboronic acid-containing framboidal nanoparticles via aqueous 83 
Suzuki-Miyaura coupling reaction with aryl halides containing different functional groups: (1 and 84 
2) carboxylic acids, (3) aldehyde, (4 and 5) Boc-protected hydrazides. 85 



Molecules 2023, 28, x FOR PEER REVIEW 3 of 13 
 

 

 86 

. 87 

2. Results 88 

2.1 Aqueous Suzuki-Miyaura coupling model reactions 89 

The Suzuki-Miyaura cross-coupling reaction is the cross-coupling of boronic acids 90 

with organo halides catalyzed by palladium (Pd(0))/ligand complex. [6] Typically, this 91 

reaction is carried out in an organic solvent or organic solvent/water mixture with the 92 

organic solvent making up the larger portion by volume. In organic/water solvent mix- 93 

ture, a palladium/phosphine catalyst system such as Pd(PPh3)4 is commonly used. How- 94 

ever, the organic solvent as well as the water-insoluble catalyst must be removed from 95 

functionalized nanomaterials in order to use them in a biological setting. Therefore, it is 96 

of importance to develop a catalytic system for the Suzuki-Miyaura coupling reaction that 97 

can be carried out in 100% water. Thus far, only a few papers reported Suzuki-Miyaura 98 

coupling reactions run in water only.[7] Due to the limited aqueous solubility of the cata- 99 

lyst, a majority of  the reports uses surfactants[8], reverse phase transfer catalyst,[9] host- 100 

guest interactions[10] and hydrophilic ligands[11], palladium nanoparticles[12, 13], su- 101 

pramolecular systems[14] or micelles[15]. However, those colloidal catalytic systems can- 102 

not be applied for nanoparticle modifications due to the difficulty in separating these cat- 103 

alyst systems from the functionalized nanoparticles as well as low reaction efficiency with 104 

the sterically hindered PBA groups on the nanoparticles. Therefore, a water-soluble pal- 105 

ladium catalyst with hydrophilic ligands would be the best choice for avoiding these prob- 106 

lems. Wallow et al. reported the synthesis of water soluble Pd catalyst containing a sul- 107 

fonated triphenylphosphine ligand, sodium diphenylphosphinobenzene-3-sulfonate 108 

PPh2PhSO3Na (Pd(PPh2PhSO3Na)4) from PdCl2 and hydrazine.[16] Inspired by this report, 109 

we hypothesized  that simply mixing aqueous solution of Na2PdCl4 and PPh2PhSO3Na 110 

followed by reduction of PdII to PdO with formic acid (HCOOH) would also result in an 111 

active catalyst.  112 

To test our hypothesis, we carried out model reactions as shown in Scheme 1. We 113 

used (3-propionamidophenyl)boronic acid), which resembles the chemical structure of the 114 

phenyl boronic acid groups present on the BNP, as the boronic acid model compound. 115 

The 4-iodo or 4-bromo-benzoic acid and the boronic acid were dissolved in water, and a 116 

solution of Na2PdCl4 and PPh2PhSO3Na was added (molar ratio 1:4) followed by formic 117 

acid (HCOOH) in five times molar excess to the amount of palladium. The reaction was 118 

run under argon in degassed water to avoid oxidation of the phosphine ligand. Conver- 119 

sion (%) was determined by 1H NMR after acidification with sodium hydrogen sulfate 120 

and lyophilizing the sample. Yield in % are those after working up the reaction mixture. 121 

The chemical identity of the product was confirmed by NMR and IR (see supporting in- 122 

formation).   123 

 124 

Scheme 1. Model reactions to study the effect of reaction parameters on the Suzuki-Miyaura cou- 125 
pling reaction between phenylboronic acid model compound, and 4-bromobenzoic acid (X=Br) or 126 
4-iodo benzoic acid (X=I) in water. Palladium catalyst system: Na2PdCl4/PPh2PhSO3Na/HCOOH, 127 
molar ratio 1:4:5. 128 

 129 

As can be seen in Table 1, both the 4-iodo and 4-bromo-benzoic acid (entries 3 and 130 

10) led to 100% conversion of the boronic acid at 70oC with 0.01% Pd relative to the amount 131 

of benzoic acid. Even at room temperature conversion of 4-iodobenzoic acid was 132 
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quantitative with 0.1 % Pd (entry 5). The decreased reactivity of 4-bromo-benzoic acid 133 

compared to 4-iodo benzoic acid is illustrated for 1% Pd at room temperature (entries 4 134 

and 7). These results clearly show that the Na2PdCl4/PPh2PhSO3Na/HCOOH catalyst sys- 135 

tem is capable of catalyzing aqueous Suzuki-Miyaura coupling reactions. 136 

 137 

Table 1. Effect of catalyst loading, reaction temperature and coupling partner on the conversion of 138 
the model reaction shown in Scheme 1.  139 

Entry 
Pd/B 

[mol %]1 

T  

[°C] 2 
X 

Conversion 

[%]3 

Yield 

[%]4 

1 1 70 I 100 94 

2 0.1 70 I 100 79 

3 0.01 70 I 100 93 

4 1 25 I 100 98 

5 0.1 25 I 100 91 

6 0.01 25 I 47 n.d. 

7 1 25 Br 78 n.d. 

8 1 70 Br 100 98 

9 0.1 70 Br 100 99 

10 0.01 70 Br 100 100 
1  Palladium catalyst system: Na2PdCl4/PPh2PhSO3Na/HCOOH, molar ratio 1:4:5. 140 
2 Reactions were run in water in the presence of K2CO3 under argon for 24 h at the indicated tem- 141 
perature.  142 
3 Part of the reaction mixture was acidified with NaHSO4 (aq), lyophilized and measured by 1H 143 
NMR to determine the % conversion (see experimental for details). 144 
4 Yields were determined gravimetrically after working up the reaction (see experimental for de- 145 
tails). 146 

 147 

2.2 BNP modification via aqueous Suzuki-Miyaura coupling reaction. 148 

Having shown successful model reactions, we next used the 149 

Na2PdCl4/PPh2PhSO3Na/HCOOH catalyst system for functionalizing BNPs with 4-iodo- 150 

benzoic acid (NP-1). To assess successful functionalization of BNPs, we used the fluores- 151 

cent Alizarin Red assay for quantifying the remaining PBA groups. This assay is based on 152 

the interaction of Alizarin Red with PBA that results in a fluorescent product. As shown 153 

in Figure 2a the fluorescence was not observed after reaction showing full conversion of 154 

the PBA groups. Compared to the model reactions in Table 1, a catalyst loading of 1% Pd 155 

gave complete functionalization of the BNP. This higher loading is needed because of the 156 

lower PBA concentration in the BNP solution compared to the PBA concentration used 157 

for the model reactions, that results in a slower reaction rate.  158 

 159 
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Figure 2. Modification of BNPs with 4-iodobenzoic acid via aqueous Suzuki-Miyaura coupling re- 160 
action (NP-1). (a) PBA groups before and after the reaction as detected by the Alizarin Red S assay. 161 
The amount of PBA group was determined by the formation of fluorescent PBA-Alizarin Red S 162 
complex. The samples were mixed with Alizarin Red S and the fluorescence intensity (λex=485 nm, 163 
λem=616 nm) was measured. Insert: Photos of Alizarin Red S solutions. Left: without BNP, Middle: 164 
with BNP before reaction, Right: with BNP after reaction. (b) IR spectra of lyophilized BNPs before 165 
and after the Suzuki-Miyaura reaction. (c) pH-dependent change in absorbance at 250 nm of NP-1. 166 
n=3 167 

 168 

To show the presence of the coupling product of PBA groups with 4-iodobenzoic 169 

acid, the BNP solution before and after reaction was lyophilized and analyzed by infrared 170 

(IR) spectroscopy (Figure 2b). The IR spectrum of BNPs before reaction shows a broad 171 

absorption of the amide (1695-1630 cm-1) that corresponds to the amide vibrations of pol- 172 

ymerized APBA, mPEG-AM and MBA (Figure 2b). On the other hand, BNPs after Suzuki- 173 

Miyaura coupling show a much broader signal with a shoulder at higher wavenumbers 174 

due to (C=O) vibrations of the carboxylic acid (Figure 2b). A similar spectral change was 175 

also observed for the product of the model reaction (Scheme 1) showing the overlapping 176 

amide and carboxylic acid (C=O) stretching vibrations at 1666 and 1672 cm-1 (Figures S1). 177 

Compared to the model reaction product, the stretching vibrations are observed at higher 178 

wavenumber for BNPs suggesting that the carboxylate groups have interactions with 179 

other functional groups present on the NP. 180 

To further confirm the presence of the carboxyl groups, UV-Vis spectra of the func- 181 

tionalized BNP solutions were measured at different pH. Since the carboxylic acid is di- 182 

rectly bound to the phenyl ring which shows a strong absorbance at 250 nm, the absorb- 183 

ance at this wavelength is expected to change with change in pH. Indeed, UV-Vis meas- 184 

urements shows a pH-dependent absorbance at 250 nm (Figure 2c).  185 

The diameter of BNPs before and after reaction was measured by DLS. As can be seen 186 

in Table 2 (Entry: NP-1), the Z-average diameter of the resulting NP increased from 101.5 187 

to 130.5 nm, probably due to swelling of the functionalized BNPs by electrostatic repul- 188 

sion of the negatively charged carboxylic acid groups.  189 

To further test the scope of BNP functionalization, we also used 3-(4-bromo- 190 

phenyl)propionic acid as the coupling partner (Table 2, NP-2,). With this coupling partner 191 

functionalization was near quantitative, however requiring a higher palladium loading 192 

(5%) compared to 4-iodo benzoic acid to achieve this degree of functionalization. The suc- 193 

cessful functionalization was also confirmed by IR (Figure S3). The NP-2 show a shoulder 194 

at 1728 cm-1, well separated from the broad amide band, that can be assigned to the car- 195 

boxylate group. A similar spectral change was observed for the product of the model re- 196 

action (see supporting information, model compound (2)) showing the amide and carbox- 197 

ylic acid as two well-separated peaks at 1666 and 1689 cm-1 respectively (Figure S2). Fur- 198 

thermore, as observed for NP-1, the size increases from 101.7 to 119.2 nm, which we at- 199 

tribute to electrostatic repulsion of the carboxylate groups. 200 

 201 

 202 

 203 

 204 

 205 

 206 

 207 

 208 

 209 

 210 

 211 

 212 

 213 
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 215 

Table 2. Modification of PBANP via aqueous Suzuki-Miyaura coupling reaction 216 

     
DLS before Suzuki DLS After Suzuki 

Entry 
Coupling 

partner 

Pd/B 

[%]*1 

Time 

[h] 

Conversion 

[%]*2 

Diameter 

[nm]*3 
PDI*3 

Diameter 

[nm]*3 
PDI*3 

NP-1 
 

1 32 100 101.5 0.028 130.5 0.116 

NP-2 
 

5 42 97 101.7 0.058 119.2 0.091 

NP-3 
 

1 43 100 237.5 0.077 234.6 0.032 

NP-4 
 

5 42 79 101.7 0.058 113.4 0.214 

NP-5 
 

5 42 72 101.7 0.058 102.4 0.080 

 217 

*1 The molar ratio of Na2PdCl4 to PBA in the reaction mixture, PPh2PhSO3Na to Na2PdCl4 molar ratio 218 
= 4, HCOOH to Na2PdCl4 molar ratio = 5, coupling partner to PBA molar ratio = 5, K2CO3 to PBA 219 
molar ratio = 10 (entries 1-3) or 5 (entries 4-5), reaction temperature 70oC. 220 

*2 Measured by fluorescence with the Alizarin Red assay. 221 

*3 Determined by DLS. Z-average diameter and polydispersity index (PDI) was calculated using the 222 
cumulant method. 223 

 224 

To demonstrate the modularity of our approach, we next used 4-iodobenzaldehyde 225 

as the coupling partner. In addition to carboxyl groups, we used the Suzuki-Miyaura cou- 226 

pling partners with aldehyde and hydrazides, which allow for bioconjugate reactions to 227 

link drug and protein molecules to the NPs through different chemistries. Aldehyde 228 

groups can be used to conjugate drugs with hydroxylamines (oxime formation), hydra- 229 

zides (hydrazone formation) and amine (Schiff base formation). Hydrazide groups with 230 

can be used to conjugate aldehyde and ketone-containing drugs.  231 
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As can be seen from Table 2 (NP-3), this compound was as reactive as 4-iodobezoic 232 

acid and resulted in quantitative reaction with a Pd catalyst loading of 1%. Presence of the 233 

coupling product was confirmed by IR spectra (Figures S4 and S5). The product of the 234 

model reaction using 4-iodobenzaldehyde showed two well separated absorptions at 1693 235 

and 1664 cm-1 that can be assigned to the (C=O) stretching vibrations of the aldehyde and 236 

the amide groups respectively. The lyophilized NP-3 shows a shoulder at 1692 cm-1 in 237 

addition to the broad amide bands, suggesting successful conjugation.  238 

We also prepared BNPs functionalized with two Suzuki-Miyaura coupling partners 239 

containing a protected hydrazine group as shown in Table 2 (NP-4 and NP-5). It was nec- 240 

essary to protect the hydrazine group with the tert-butoxy carbonyl (Boc) group because 241 

the use of free hydrazine resulted in no functionalization of BNPs according to the Aliza- 242 

rin Red assay, presumably due to catalyst inactivation. With these coupling partners, 243 

functionalization of BNPs occurred, albeit with lower degrees of functionalization (70- 244 

80%) and the requirement of palladium loadings of 5%. The presence of the Boc-protected 245 

hydrazine groups was inferred from the IR spectra (Figure S6 to S9) showing broad ab- 246 

sorptions at 1728 and 1732 cm-1 respectively due to (C=O) stretching vibration of the 247 

(CH3)3C(O)-NH group. Furthermore, both NP-4 and NP-5 were deprotected by cleaving 248 

the Boc group in 1 M HCl (aq).  249 

2.3 Framboidal structures of Suzuki-Miyaura coupling-functionalized BNP. 250 

Since we showed successful functionalization of BNPs upon Suzuki-Miyaura cross 251 

coupling reactions, we were interested to see whether BNPs maintained their framboidal 252 

morphology after reaction. The aqueous solutions of BNPs before and after reaction were 253 

stained negatively and observed by TEM. As shown in Figure 3, all BNPs functionalized 254 

with the different coupling partners (NP-1 to NP-5) maintained the unique framboidal 255 

morphology. 256 

 257 

 258 

Figure 3. TEM images of BNP before and after Suzuki-Miyaura cross-coupling reaction. (a) BNP (no 259 
modification), (b) NP-1, (c) NP-2, (d) NP-3, (e) NP- 4, and (f) NP-5. For NP-4 and NP-5, the Boc 260 
protecting group was removed with HCl (aq) before acquiring the TEM images. Samples were neg- 261 
atively stained with 2 wt% sodium dodecatungstato(VI) phosphate solution. Scale bars: 200 nm. 262 

 263 
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2.4 Functionalization of carboxylate NP (NP-1) with ADT 264 

To show the potential of the functionalized BNPs in drug delivery applications, we 265 

conjugated ADT- NH2 , an amine derivative of the widely used H2S donor molecule,[17] 266 

to NP-1 (ADTNP) (Figure 4a). We functionalized NP-1 with ADT using the carbodiimide 267 

chemistry. Successful conjugation was confirmed by the strong absorbance of conjugated 268 

ADT at 436 nm, which is typical of the dithiolone structure. Functionalization of NP-1 269 

with ADT-NH2 led to a decrease in size from 116.8 to 94.8 nm according to DLS (Figure 270 

4b). This size decrease can be attributed to deswelling of the particles due to the presence 271 

of highly hydrophobic ADT. To show that ADTNPs were capable of releasing H2S, we 272 

incubated the ADTNP with cell lysate from mouse macrophages to induce H2S release 273 

from ADT groups and monitored formation of H2S using the H2S-specifice WSP-1 fluores- 274 

cent dye.[18] As shown in Figure 4c,  sustained H2S release was observed from ADTNPs 275 

over 1 hour. 276 

 277 

Figure 4. H2S donor ADT-conjugated nanoparticles (ADTNP). (a) Conjugation of a H2S donor ADT- 278 
NH2 with NP-1 by EDC coupling. (b) Size distribution before (NP-1) and after conjugation 279 
(ADTNP). (c) H2S release from ADTNP in cell lysate as detected by the WSP-1 H2S detection dye. 280 

4. Materials and Methods 281 

4.1 Instrumentation 282 

NMR spectroscopy. 1H NMR spectra were measured on a Bruker DPX400 NMR 283 

spectrometer. A total of 32 scans were collected and the d1 was set to 1 s. The chemical 284 

shifts are reported relative to the residual undeuterated solvent signals at 7.26 (CDCl3) 285 

and 2.50 (d6-DMSO) ppm. 286 

Dynamic light scattering (DLS). Hydrodynamic diameters of the micelles were ob- 287 

tained an Otsuka instrument and disposable micro cuvettes. Z-average diameter and pol- 288 

ydispersity index (PDI) was calculated using the cumulant method. 289 

Transmission electron microscopy (TEM). High resolution carbon coated cupper 290 

grid (STEM 100 grid) were purchased from Oken shouji. Sample solutions in water (5 μL) 291 

were placed onto a carbon coated 250 mesh copper grids and kept for 5 min at RT. The 292 

grid was dried by blotting the side of the grid with a filter paper. The grids were nega- 293 

tively stained with 2wt% sodium dodecatungstato(VI) phosphate solution (5 μL) for 1 294 

min. The grid was dried by blotting the side of the grid with a filter paper. Images were 295 

acquired on a Hitachi H-7700 microscope system operating at 100 kV.  296 
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Infrared spectroscopy (FT-IR). Spectra were obtained on an a Thermo Scientific Ni- 297 

colet iS5 equipped with an iF5 universal ATR sample accessory. A total of 32 scans were 298 

collected with a resolution of 4 cm-1. 299 

UV-Vis spectroscopy. Spectra were obtained on a Thermo Scientific Nanodrop Onec 300 

instrument or a Tecan infinite M200 plate reader using transparent 96 well polystyrene 301 

plates. 302 

UV-Vis/fluorescence spectroscopy. Fluorescence intensities were measured with a 303 

Tecan infinite M200 plate reader using black 96 well polystyrene plates. 304 

4.2 Suzuki-Miyaura coupling model reactions with 4-iodo and 4-bromobenzoic acid 305 

The Suzuki-Miyaura coupling partners 4-iodobenzoic acid (1) or 4-bromobenzoic 306 

acid (2) (0.25 mmol, 1 eq) and (3-propionamidophenyl)boronic acid (0.26 mmol, 1.05 eq) 307 

and K2CO3 (69.8 mg, 0.50 mmol, 2.0 eq) were dissolved in 10 mL water that had been 308 

degassed by bubbling nitrogen for at least 15 min. The Schlenk tube was closed with a 309 

rubber septum and the system evacuated and purged with argon three times total. Under 310 

a positive argon gas pressure, a solution of Na2PdCl4 and PPh2PhSO3Na (100 μL) in water 311 

and a solution of HCOOH (100 μL) in water are added. The Na2PdCl4/PPh2PhSO3Na (mo- 312 

lar ratio 1:4) solution is made by mixing a freshly prepared solution of PPh2PhSO3Na in 313 

degassed water with a solution made by diluting a 100 mM stock solution of Na2PdCl4 314 

(stored at -20oC) with water. The HCOOH solution (5 eq relative to Pd) is prepared freshly 315 

each time. The Schlenk tube is then closed with a rubber septum and stirred for 24 h at the 316 

indicated temperature. Part of the reaction mixture (1 mL) was acidified with 0.1 mL 1 M 317 

NaHSO4 (aq) and lyophilized. The resulting solid was suspended in 700 μL d6-DMSO, 318 

filtered through a plug of glass wool and measured by 1H NMR to determine the % con- 319 

version (Table 1). The remainder of the reaction mixture (9 mL) was acidified with 1 M 320 

NaHSO4 (aq) (1 mL) and the suspension filtered on a glass filter. After washing with H2O 321 

(3 x 30 mL) the solid is dissolved in acetone (30 mL) and after solvent removal dried under 322 

vacuum. 323 

4.3 Synthesis of BNPs  324 

BNPs were synthesized as reported previously.[1] mPEG-AM (67.9 mg, 5kDa), APBA 325 

(9.5 mg) and MBA (0.9 mg) were dissolved in 18.75 mL phosphate buffer (pH 7) and evac- 326 

uated and purged with argon (3x). The solution was then heated at 70oC for 1 h before 327 

adding 60 μL degassed water containing APS (1.15 mg) under argon flow. After 20 h, the 328 

blueish solution was transferred to dialysis tubing (MWCO 3.5kDa) and dialyzed against 329 

water (5 L) for 1 d with regular replacement of the water.  330 

4.4 Alizarin red fluorescence assay 331 

To confirm the degree of functionalization of the BNP after Suzuki-Miyaura coupling 332 

reactions, i.e. the absence of PBA groups after reaction, 10 μL of the reaction mixture be- 333 

fore and after reaction was diluted with 10 μL alizarin red solution in water (1.1 mM) and 334 

180 μL phosphate buffer pH 8. After 2 h the fluorescence was measured using  excitation = 335 

485 nm and emission= 616 nm. After subtracting the background due to the buffer alone, the 336 

fluorescence intensity after reaction was divided by the fluorescence intensity of the BNP 337 

and expressed as % conversion. n=3.  338 

4.5 BNP functionalization with 4-iodobenzoic acid (NP-1) 339 

BNP (10 mL, PBA = 1.6 mM, 0.016 mmol PBA groups, 1 eq) were added to 4-iodoben- 340 

zoic acid (19.4 mg, 0.078 mmol, 4.9 eq) and K2CO3 (21 mg, 0.15 mmol, 9.9 eq) and the so- 341 

lution degassed for 15 min by bubbling argon. The Schlenk tube was closed with a septum 342 

and evacuated and purged with argon three times. Under argon flow an aqueous solution 343 

(100 μL) containing Na2PdCl4/PPh2PhSO3Na (0.01 eq Pd) and an aqueous solution (100 344 

μL) containing HCOOH (0.05 eq) were added. The mixture was again evacuated and 345 
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purged with argon 3x and then stirred at 70oC for 32 h. After cooling down Alizarin Red 346 

assay showed 100% conversion of PBA groups. The mixture was transferred to a dialysis 347 

tubing with MWCO 3400 kDa and dialyzed for 3 days against 4 L water with regularly 348 

replacing the water. DLS (water) before Suzuki-Miyaura: Z-avg = 101.5 nm, PDI = 0.028), 349 

after Suzuki-Miyaura: Z-avg = 130.5 nm, PDI = 0.116. 350 

4.6 BNP functionalization with 3-(4-bromophenyl)propionic acid (NP-2) 351 

BNP (5 mL, PBA = 1.9 mM, 0.0095 mmol PBA groups, 1 eq) were added to 3-(4-bro- 352 

mophenyl)propionic acid (11 mg, 0.046 mmol, 4.9 eq) and to the suspension was added 353 

an aqueous solution (100 uL) of K2CO3 (13 mg, 0.093 mmol, 9.7 eq). The clear solution was 354 

degassed for 15 min by bubbling argon. The Schlenk tube was closed with a septum and 355 

evacuated and purged with argon three times. Under argon flow an aqueous solution (100 356 

μL) containing Na2PdCl4/PPh2PhSO3Na (0.05 eq Pd) and an aqueous solution (100 μL) 357 

containing HCOOH (0.25 eq) were added. The mixture was again evacuated and purged 358 

with argon 3x and then stirred at 70oC for 42 h. After cooling down Alizarin Red assay 359 

showed 97% conversion of PBA groups. The mixture was transferred to a dialysis tubing 360 

with MWCO 3400 kDa and dialyzed for 3 days against 4 L water with regularly replacing 361 

the water. DLS (water) before Suzuki-Miyaura coupling: Z-avg = 101.7 nm, PDI = 0.058), 362 

after Suzuki-Miyaura coupling: Z-avg = 119.2 nm, PDI = 0.091. 363 

4.7 BNP functionalization with 4-iodobenzaldehyde (NP-3) 364 

BNP (5 mL, PBA = 3.2 mM, 0.016 mmol PBA groups, 1 eq) were added to 4-iodoben- 365 

zaldehyde (19 mg mg, 0.083 mmol, 5.1 eq) and of K2CO3 (12 mg, 0.090 mmol, 5.6 eq). The 366 

suspension was carefully degassed for 15 min by bubbling argon. The Schlenk tube was 367 

closed with a septum and evacuated and purged with argon three times. Under argon 368 

flow an aqueous solution (100 μL) containing Na2PdCl4/PPh2PhSO3Na (0.01 eq Pd) and an 369 

aqueous solution (100 μL) containing HCOOH (0.05 eq) were added. The mixture was 370 

again evacuated and purged with argon 3x and then stirred at 70oC for 43 h. After cooling 371 

down Alizarin Red assay showed 100% conversion of PBA groups. The mixture was trans- 372 

ferred to a dialysis tubing with MWCO 3400 kDa and dialyzed for 3 days against 4 L water 373 

with regularly replacing the water. DLS (water) before Suzuki-Miyaura coupling: Z-avg = 374 

237.5 nm, PDI = 0.077), after Suzuki-Miyaura coupling: Z-avg = 234.6 nm, PDI = 0.032. 375 

4.8 BNP functionalization with Suzuki-Miyaura coupling partner 4 (NP-4)  376 

BNP (5 mL, [PBA] = 1.9 mM, 0.0092 mmol PBA groups, 1 eq) was mixed with Suzuki- 377 

Miyaura coupling partner (4) (see supporting information for its synthesis) (17 mg, 0.047 378 

mmol, 5 eq) and to the suspension was added an aqueous solution (100 uL) of K2CO3 (6.4 379 

mg, 0.046 mmol, 5 eq). The suspension was carefully degassed for 15 min by bubbling 380 

argon. The Schlenk tube was closed with a septum and evacuated and purged with argon 381 

three times. Under argon flow an aqueous solution (100 μL) containing 382 

Na2PdCl4/PPh2PhSO3Na (0.05 eq Pd) and an aqueous solution (100 μL) containing 383 

HCOOH (0.25 eq) were added. After another evacuation and purge with argon 3x the 384 

clear solution was placed at 70oC and reacted for 42 h. After cooling to room temperature, 385 

the mixture was filtered through glass wool to remove unreacted Suzuki-Miyaura cou- 386 

pling partner (4). After cooling down Alizarin Red assay showed 79% conversion of PBA 387 

groups and the filtrate was dialyzed against water (1 L) and MWCO 3500 for 3 days. DLS 388 

(water) before Suzuki-Miyaura coupling: Z-avg = 101.7 nm, PDI = 0.058, after Suzuki- 389 

Miyaura coupling: Z-avg = 113.4 nm, PDI = 0.214. 390 

4.9 BNP functionalization with Suzuki-Miyaura coupling partner 5 (NP-5) 391 

BNP (5 mL, [PBA] = 1.89 mM, 0.0092 mmol PBA groups, 1 eq) was mixed with Su- 392 

zuki-Miyaura coupling partner (5) (see supporting information for its synthesis) (16 mg, 393 

0.046 mmol, 5 eq) and to the suspension was added an aqueous solution (100 uL) of K2CO3 394 
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(6.4 mg, 0.046 mmol, 5 eq). The suspension was carefully degassed for 15 min by bubbling 395 

argon. The Schlenk tube was closed with a septum and evacuated and purged with argon 396 

three times. Under argon flow an aqueous solution (100 μL) containing 397 

Na2PdCl4/PPh2PhSO3Na (0.05 eq Pd) and an aqueous solution (100 μL) containing 398 

HCOOH (0.25 eq) were added. After another evacuation and purge with argon 3x the 399 

clear solution was placed at 70oC and reacted for 42 h. After cooling to room temperature, 400 

the mixture was filtered through glass wool to remove unreacted Suzuki-Miyaura cou- 401 

pling partner (5). After cooling down Alizarin Red assay showed 72% conversion of PBA 402 

groups and the filtrate was dialyzed against water (1 L) and MWCO 3500 for 3 days. DLS 403 

(water) before Suzuki-Miyaura coupling: Z-avg = 101.7 nm, PDI = 0.058), after Suzuki- 404 

Miyaura coupling: Z-avg = 102.4 nm, PDI = 0.080. 405 

4.10 Modification of NP-1 with ADT-NH2 (ADTNP) 406 

NP-1 after dialysis were used for this experiment. Based on the original volume (and 407 

PBA concentration) and the final volume after Suzuki-Miyaura coupling and dialysis (de- 408 

termined gravimetrically using a density of 1 g/mL) the COOH concentration was esti- 409 

mated under the assumption that no material was lost during the dialysis step. NP-1 (2 410 

mL, [COOH] = 4 mM, 0.008 mmol PBA groups, 1 eq) was mixed with MES (48.2 mg) and 411 

the pH was adjusted with NaOH (aq) to pH 4.7 (final MES concentration = 112 mM). To 412 

the solution was added solid ADT-NH2 TFA salt (4 mg, 0.010 mmol, 1.2 eq) and the solu- 413 

tion was homogenized using a pipette. Then, EDC (49.2 mg, 0.26 mmol, 32 eq) was added 414 

and the turbid solution became clear. After reacting for 3 h, additional EDC (75.8 mg, 0.40 415 

mmol, 50 eq) was added. After stirring for another 2 h, the reaction mixture was trans- 416 

ferred to a dialysis tube (MWCO 3.5kDa) and dialyzed until the water remained colorless 417 

due to the absence of free ADT-NH2. DLS after ADT-conjugation: Z-avg = 94.8 nm, PDI = 418 

0.215). 419 

4.11 Quantification of ADT. 420 

Nanoparticle solutions were diluted with DMF (1:9) and the absorbance at 436 nm 421 

measured by UV-Vis. The concentration was determined by comparing with a standard 422 

of ADT in the same solvent mixture. 423 

4.12 Cell lysate preparation 424 

Cell lysate was prepared as previously reported.[18]  Briefly, RAW-Blue macro- 425 

phages (80% confluent) were scraped off from the culture flask and centrifuged at 500 rpm 426 

for 5 min. The cell pellet was washed with cold Dulbecco’s phosphate buffered saline 427 

(PBS) three times. The cell suspension was centrifuged at 500 rpm for 5 min, resuspended 428 

in passive lysis buffer at 3.8 × 106 cells/mL, and vortexed at room temperature for 10 min. 429 

The suspension was centrifuged, and the clear supernatant was collected and stored at 430 

−20 °C.  431 

4.13 Measurement of H2S release in cell lysate by the WSP-1 fluorescent H2S detection 432 

dye.  433 

H2S release from the ADTNP was measured as reported previously.[18] Briefly to a 434 

black well polystyrene plate containing 100 μL of 20 vol % cell lysate/PBS pH 7.4 was 435 

added 10 μL of ADTNP and 10 μL of WSP-1 in acetonitrile (final concentration 100 μM). 436 

As a control, cell lysate without donor (10 μL water) was measured as well. Immediately 437 

after adding, the fluorescence was measured on a Tecan well plate reader (excitation = 465 438 

nm, λemission = 515 nm). 439 

5. Conclusions 440 

BNPs were functionalized via the Suzuki-Miyaura coupling reaction between the 441 

PBA groups of BNPs and aryl halides in water without the need of organic solvent. Key 442 
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is the use of a new catalytic system that consists of readily available reagents sodium tet- 443 

rachloropalladate (Na2PdCl4) and the water-soluble phosphine ligand sodium diphe- 444 

nylphosphinobenzene-3-sulfonate ((PPh2PhSO3Na), which can be mixed with BNPs in 445 

water followed by the addition of formic acid (HCOOH) in excess over Na2PdCl4 to pro- 446 

mote reduction of PdII to Pd0. This catalyst system efficiently leads to cross coupling of the 447 

BNP with a series of coupling partners having carboxylic acid, aldehyde and Boc-pro- 448 

tected hydrazide groups. Importantly, the unique framboidal morphology of BNPs was 449 

maintained after Suzuki-Miyaura coupling reaction. Furthermore, BNPs functionalized 450 

with carboxyl groups can be further conjugated with amine-containing molecules such as 451 

the H2S donor ADT using aqueous carbodiimide chemistry. This postmodification ap- 452 

proach can be used to conjugate different drug molecules, not limited to small drug mol- 453 

ecules but also proteins and nucleic acids. 454 

Supplementary Materials: The following supporting information can be downloaded at: 455 
www.mdpi.com/xxx/s1, Materials, Synthesis of compounds, and IR spectra. 456 
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