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Self-renewing bipyridinium-functionalized microparticles internalize in cancerous cells and induce lipid 
peroxidation in cell membranes, leading to a highly efficient cytotoxicity. 
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Abstract 17 

The use of micrometric-sized vehicles could greatly improve selectivity of cytotoxic compounds as 18 
their lack of self-diffusion could maximize their retention in tissues. We have used polysilicon 19 
microparticles (SiµP) to conjugate bipyridinium-based compounds, able to induce cytotoxicity under 20 

regular intracellular conditions. Homogeneous functionalization in suspension was achieved, where 21 
the open chain structure exhibits a more dense packing than cyclic analogues. The microparticles 22 

internalized induce high cytotoxicity per particle in cancerous Hela cells, and the less densely packed 23 
functionalization using cyclophanes promote higher cytotoxicity per bipy than with open chain 24 
analogues. The self-renewing ability of the particles and their proximity to cell membranes may 25 

account for increased lipid peroxidation, achieving toxicity at much lower concentrations than in 26 
solution, and proving these microchips as a promising platform for inducing highly efficient 27 
cytotoxicity in cancerous cells. 28 

 29 

Keywords: polysilicon microparticles, bipyridinium, Hela cells, cancer, lipid peroxidation, cytotoxicity. 30 

 31 

Highly cytotoxic compounds are essential in cancer chemotherapy. Chemotherapeutic drugs used in the clinic 32 

typically inhibit mitosis in cancerous cells, by either binding to DNA (e.g. doxorubicin),1 inhibiting the production 33 
of DNA base pairs (e.g. methotrexate),2 inhibiting topoisomerase enzyme which untangles DNA for its replication 34 
(e.g. topotecan),3 binding to protein kinase receptors (e.g. imatinib),4 or inhibiting the functional assembly of 35 
microtubules (e.g. paclitaxel),5 all of which result in cell death. After oral or intravenous administration, however, 36 
their circulation in blood, extravasation, further diffusion across healthy tissues, and lack of selectivity for 37 
cancerous cells leads to cytotoxicity in healthy tissues as well, inducing side effects in patients.6–9  38 

Some strategies for focalizing the cytotoxic effects within tumors and reducing side effects have been developed. 39 
Photodynamic therapy (PDT), which relies on the generation of reactive oxygen species (ROS) in cells upon 40 
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irradiation of a previously administered photosensitizer, permits the focalization of the irradiation, but the 41 

distribution of the photosensitizers across other tissues lead to side effects after sun exposure.10 42 

Intratumoral chemotherapy (ITC), another strategy that has recently gained interest, relies on the direct injection 43 
of chemotherapeutic drugs within a tumor. It permits controlling the initial amount and localization of the drug 44 
administered, assisted by relatively simple techniques (e.g. ultrasound imaging). However, the injected drugs can 45 
also diffuse to surrounding tissues and be reabsorbed into the systemic circulation.10  46 

A widely used strategy is the encapsulation of chemotherapeutic drugs into nanocarriers (e.g. vesicles, liposomes, 47 
or nanoparticles). According to the Enhanced Permeability and Retention (EPR) effect, the larger size of 48 

nanocarriers as compared to free drugs in solution promotes higher extravasation and retention in solid tumors, 49 
where the vasculature is leaky and the lymphatic vessels constricted.11–14 Nonetheless, the efficiency of the EPR 50 
effect to target tumors has been recently questioned because, as although a higher extravasation can occur in the 51 
tumor area, the densely packed cancerous cells may keep the nanocarriers in the periphery of the tumor,15 with 52 
only negligible amounts reaching the cells.16,17 Another beneficial aspect of nanocarriers is their decreased 53 
Brownian motion as compared to molecules in solution, according to the Stokes-Einstein equation.18 Therefore, 54 
once the nanocarriers are located within a tumor, they show decreased diffusion to surrounding healthy tissues. 55 

Recent studies demonstrate that the dense cell packing reduces the mobility of the particles in the medium much 56 
more than predicted by theory, where the self-diffusion coefficient across cells is exponentially decreased by the 57 
square of the radius of the particles.19 Many aspects influence this decreased diffusion, including a higher contact 58 

area with cell membranes,20 hydrophobicity of the cell membranes,21 cell uptake,20 positive charges on the particles 59 
surface,22 or higher rates of sedimentation.23 However, the self-diffusion is not negligible; in fact, nanoparticles 60 
can even diffuse through the tissues with barrier function, for example, nanoparticles can be used as transdermal 61 

delivery systems.15,24–27 As well, chemotherapeutic drugs are typically nanoencapsulated by non-covalent bonds, 62 
such as electrostatic or hydrophobic interactions, which could result in leakage of the drugs before reaching the 63 
tumor, or their diffusion from the tumor to surrounding tissues. Examples of this phenomenon include 64 

doxorubicin-containing liposomes (Doxil®), which commonly induce dermatitis, flushing, and shortness of 65 
breath, and paclitaxel-containing liposomes (Abraxane®), which increase the cost of treatment as higher doses 66 

are required for a similar efficacy.14 67 

Instead, the use of micrometric-sized particles would provide considerable advantages, such as their negligible 68 
self-diffusion coefficients in suspension and especially in tissues,18,19,28 improving their retention in the site of 69 

administration along time. Silicon microparticles can be fabricated using photolithographic techniques or 70 
milling,29,30 and due to their biocompatibility they have been used for drug delivery applications,31,32 but 71 

encapsulating the drugs non-covalently in the nanoporous material. We have shown that micrometric-sized 72 
particles of different materials, shapes, and sizes can be fabricated using microelectronic-based techniques,33 73 
achieving extremely low polydispersity as compared to microparticles chemically synthesized. They can interact 74 
with living cells, working as intracellular pH sensors,34 as micrometric tags for real-time tracking of cells,35–37 or 75 
other applications. Among the different types of particles, hexahedral polysilicon (3 x 3 x 0.5 µm) microparticles 76 

(SiµP) represent a simple platform for immobilization of compounds with biomedical interest, as they can be 77 
easily observed even under brightfield microscopy, are relatively innocuous, and can be internalized into cells 78 

without reaching the nucleus.37–41 Also, the compounds conjugated to the particles can maintain their 79 
physicochemical properties; for example, porphyrins immobilized onto SiµP show fluorescence equivalent to that 80 
in solution and can generate singlet oxygen in PDT.42  81 

On the other hand, bipyridinium-derived compounds have wide interest for their ability to work as components 82 
of molecular machines, as π-electron-deficient bipyridinium moieties interact with π-electron-rich donor 83 
compounds, producing a host-guest interaction that can be controlled under external stimuli. The range of 84 
different architectures of bipyridinium compounds permits the template-guided synthesis of mechanically 85 
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3  

interlocked molecules such as catenanes, rotaxanes, or pseudorotaxanes, which can be used as molecular 86 

switches,43,44 artificial molecular muscles,45 among others. Moreover, bipyridinium compounds show interesting 87 
optical properties that may be useful in for imaging applications.46–48 However, the use of compounds bearing 88 
bipyridinium moieties for biomedical applications remains limited because of their intrinsic toxicity. Instead, the 89 
1,1′-dimethyl-4,4′-dipyridinium dication, commonly known as methyl viologen (1) (Figure 1, A), has been used 90 
extensively as an herbicide.49 The cytotoxicity of bipyridinium moieties is due to their easy reduction to the radical 91 
cation entity under mild intracellular conditions, such as the presence of NADPH catalyzed by NADPH-cytochrome 92 
c reductase. In presence of dissolved oxygen, the radical cation is oxidized again regenerating the bipyridinium 93 

moiety. Upon oxidation, superoxide radical anion is formed and transformed into other oxygen radicals, which 94 
attack unsaturated lipids of the cell membrane triggering lipid peroxidation, a radical chain reaction that 95 
eventually induces increased membrane fluidity, membrane integrity loss, and cell death.49–51 Although this 96 
toxicity is also non-selective for cancerous cells, it could be revisited for biomedical purposes such as the treatment 97 
of cancer, as it is independent on nucleus internalization, making it more efficient than other chemotherapeutic 98 

drugs. The cytotoxic potential of bipyridinium on cancerous cells has been studied in solution, observing that the 99 
length of the alkyl chain substituents has an important influence on their cytotoxicity;52 nonetheless, strategies for 100 

focalizing their cytotoxic effects still need to be found. Bipyridinium-derived compounds have been conjugated 101 
onto nanoparticles, mainly for electrochemical sensing,53,54 or as gatekeepers of drug-loaded systems,55,56 but not 102 

for this purpose.  103 

Therefore, SiµP could be functionalized with compounds bearing bipyridinium moieties, as a platform that could 104 
potentially improve the spatial focalization of the cytotoxic effects in tissues. The microparticles could be directly 105 
injected with control over the number and location of particles dosed. The cytotoxic effects could be focalized due 106 

to the negligible diffusion of the microparticles and the covalent conjugation of the drugs that prevents their 107 
leakage and further diffusion in solution. For this reason, compounds 1, 2, and 3 (Figure 1, A) were selected for 108 
having bipyridinium moieties in different number and arrangement, and a strategy was designed to immobilize 109 

them onto SiµP. The functionalization was first optimized on macroscopic wafers patterned with polysilicon 110 
microparticles (Figure 1, B), with the purpose of controlling the functionalization along different stages using 111 

parameters such as the hydrophobicity, the fluorescence, or the atomic content. Once the functionalization 112 
protocol was optimized, the protocol was adapted to functionalize the microparticles in suspension (Figure 1, C). 113 
The ability of the unfunctionalized and functionalized particles to be internalized in cancerous Hela cells was 114 

observed, and their ability to induce cell death was evaluated using confocal fluorescence microscopy, showing the 115 
great potential of SiµP functionalized with bipyridinium-containing compounds for inducing highly efficient 116 

cytotoxic effects in cancerous cells.  117 

 118 
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 119 

Figure 1. (A) Chemical structures of compounds immobilized (1, 2, and 3). Compound 1 bears one bipyridinium moiety (open chain), whereas 120 
compounds 2 and 3 bear two bipyridinium moieties (cyclic structure). Compound 3 bears bipyridinium moieties extended by p-phenylene 121 
spacers. (B) SEM images of polysilicon microparticles fabricated onto a silicon oxide wafer. (C) SEM images of polysilicon microparticles 122 
once released in suspension (SiµP). Scale bar represents 2 µm.  123 

Results 124 

Design of the system 125 
With the aim of designing a system that could improve the localization of cytotoxic effects in chemotherapy, 126 

polysilicon microparticles (SiµP) were chosen for their biocompatibility and their potential to be chemically 127 
functionalized with cytotoxic compounds, their negligible diffusion, and their fast sedimentation. According to 128 
their easy internalization and localization within the cytoplasm, the compounds conjugated should display 129 

cytotoxicity through mechanisms different than the direct binding to DNA, as is the case of ROS generation. To 130 
this end, bipyridinium-containing compounds are ideal because they can be reversibly reduced under mild 131 
biological conditions and generate ROS.50,51 Moreover, the overall number and arrangement of bipyridinium (bipy) 132 
units in the system could have an influence on the efficacy. For this reason, compounds 1, 2, and 3 (Figure 1, A) 133 
were selected to be conjugated to the SiµP, as 1 has been widely used and bears one bipy unit, whereas 2 and 3 134 

both have two bipy units each in a macrocyclic structure, permitting a comparison between the macrocyclic versus 135 
the open-chain structures. In addition, 3 bears the bipyridinium moieties extended by p-phenylene groups, 136 

permitting a comparison between the extended versus the non-extended structures. Compound 2, a structural 137 
analog of the widely-known bluebox,43 was designed to incorporate an azide terminal group, used for its 138 
conjugation onto the particles, whereas compound 3 bears carboxylic acid groups for its conjugation.  139 

The ability of the three selected compounds (1, 2, and 3) to be reversibly reduced in solution under mild conditions 140 
was confirmed using Differential Pulse Voltammetry (DPV) (Figure 2, A). 141 
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 142 

Figure 2. A) Differential Pulse Voltammograms of compounds 1 (top), 2 (middle), and 3 (bottom) in DMF solution (1 mg per 3 mL). B) 143 
Schematic representation of SiµP fabrication. (1) Silicon wafer. (2) A silicon oxide layer is grown as sacrificial layer. (3) A polysilicon layer 144 
is deposited as structural layer. (4-5) A photoresist layer is spun and exposed to light. (6) Photoresist after developer. (7) Dry etching of the 145 
exposed polysilicon layer. (8) Photoresist removal. (9) Sacrificial etching of the silicon oxide layer to release the chips. 146 

The voltammogram for 1 (top) shows two oxidation-reduction peaks at –0.33 and –0.71 V, corresponding to two 147 
possible redox transitions, the first one occurring from the dicationic form to the radical cation entity, and the 148 

second one occurring from the radical cation to the neutral entity. As the structure of 2 (middle) contains two 149 
equivalent bipyridinium moieties, also two peaks are observed in its voltammogram at –0.25 V and –0.67 V, 150 
corresponding to the same redox transitions. In contrast, 3 (bottom) showed two peaks that are partially 151 
overlapped, occurring at –0.60 and –0.88 V, respectively. The results also show that the compound presenting the 152 
first redox transition (to the radical cation) at the potential closest to zero is 2 (–0.25 V), occurring at slightly 153 

higher values than that of 1 (–0.3 V), and showing values very similar to those of its isomer bluebox,57 whereas 154 
the first reduction in 3 occurs at a more negative potential (–0.60 V), indicating that the extended bipyridinium 155 

moieties lead to a more difficult transition to the radical cation moiety. Although the use of DMF might lead to 156 
small differences in the redox potential as compared to biological media, the ability of compound 1 to be 157 
intracellularly reduced by NADPH catalyzed by NADPH-cytochrome c dehydrogenase, and re-oxidized in presence 158 

of oxygen is well documented,50,51  for which the comparable potentials between the three compounds in DMF 159 
indicate that all of them can be intracellularly reduced. Nonetheless, although this finding could initially predict 160 

that compounds 2 and 1 could induce higher ROS generation in cells as compared to 3 when administered in 161 
solution, the covalent immobilization of these compounds on the surface of the microparticles could influence 162 
their redox transitions and thus their ability to generate ROS.  163 

Polysilicon microparticles (SiµP) were fabricated as shown in Figure 1, B .41,42 Briefly, a 1-µm thick p-type silicon 164 
wafer with a 100-mm diameter was used as a starting substrate (1). A silicon oxide layer was grown as a sacrificial 165 
layer (2). Next, a 500 nm polysilicon layer was deposited on top as a structural layer (3). By using microelectronic 166 
fabrication techniques as lithography and dry etching, the SiµP were patterned (4-8). The patterned particles 167 
have a cuboid shape with lateral dimensions defined by the photolithographic processes and their thickness 168 
defined by the thickness of the previously deposited structural layer (3 x 3 x 0.5 µm3). Lastly, the particles were 169 
released from the substrate by a sacrificial etching of the sacrificial silicon oxide layer using a vapor of 50 % 170 
hydrogen fluoride (9), and then suspended and collected in ethanol in Eppendorf tubes for their posterior chemical 171 
functionalization. 172 
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The functionalization was first optimized using macroscopic silicon oxide wafers with the polysilicon 173 

microparticles on top (Figure 1, B; Figure 2, B 8), as it permits an easier manipulation of the material as well as 174 
the characterization of the properties of the surface such as hydrophobicity, fluorescence, or elemental 175 
composition. Once the protocol is optimized, the reaction setup can be adapted to functionalize the polysilicon 176 
microparticles in suspension. Therefore, the chemical strategy was designed to overcome the future limitations of 177 
microparticle functionalization, such as the limited range of temperatures for using plastic microtubes, or the use 178 
of solvents that permit suspending the microparticles under vortex but also sedimenting them under 179 
centrifugation during washes. In general, SiµP are more easily suspended in water than in organic solvents (e.g. 180 

acetone, ethanol, isopropanol), making their sedimentation difficult and leading to considerable particle losses. 181 
For this reason, water was avoided whenever possible along the functionalization. 182 

Figure 3 (A-C) shows the optimized strategy for obtaining silicon wafers functionalized with the three different 183 
bipyridinium-containing compounds, 1 (Si—1) (A), 2 (Si—2) (B), or 3 (Si—3) (C), where the different 184 
functionalization steps followed are numbered under each structure (functionalization stages) for the purpose of 185 
clarity. According to this strategy, the counter anions of the bipyridinium moieties formed upon conjugation of 186 
the compounds are hexafluorophosphate anions in the case of Si—2 and Si—3, and bromide and iodide in the case 187 

of Si—1. Although it is well known that the counter anion has an influence on the solubility of bipyridinium 188 
compounds and may affect their reduction potential, the immersion of the functionalized microparticles in a 189 
biological medium would likely result in the exchange of the counter anions for those present in the medium, such 190 

as phosphate or chloride, and for which the effect of the counter anion on the efficacy could be negligible. The 191 
three different self-assembled monolayers (SAMs) were designed to have similar thicknesses (the total length of 192 
the linker-bipyridinium compound is similar), for which the properties of the material and of the microparticles, 193 

as well as their efficacy, could be related to the number and arrangement of bipyridinium units. MM2 194 
minimizations of the functionalized moieties in each type of particle were performed (See Supporting Information 195 
“MM2 calculations”), and ideal representations of the respective SAMs formed are shown in Figure 3 (D, E, and F, 196 

respectively). As it can be seen, the open chain structure of the moieties conjugated in Si—1 permits a more densely 197 
packed SAM as compared to the cyclic structures in Si—2 and Si—3 , meaning that  a higher number of molecules 198 

of 1 could be conjugated on the surface.  199 

 200 
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  201 

Figure 3. (A-C) Functionalization strategy followed for obtaining silicon wafers functionalized with (A) 1 (Si—1), (B) 2 (Si—2), or (C) 3 (Si—202 
3). Functionalization stages are displayed under each structure for the purpose of clarity. (D-F) Ideal models of functionalized silicon wafers 203 
(D) Si—1 (E) Si—2, and (F) Si—3 according to MM2 minimizations. 204 

Functionalization of silicon wafers 205 
Wafers of ≈0.25 cm2 were first washed with water and ethanol and were dried with a stream of nitrogen (stage 206 
1). Subsequently, the wafers were activated using acid treatment followed by basic treatment (stage 2) to provide 207 
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the surface with hydroxyl groups. After activation, a suitable linker bearing a silane moiety was covalently attached 208 

to the hydroxyl groups on the surface (stage 3). This linker therefore acts as a spacer and provides a suitable 209 
functional group for further attachment of the bipyridinium compounds. Functionalization of wafer surfaces with 210 
methyl viologen (Si—1) (Figure 3, A), consists of the use of 11-bromoundecyl trichlorosilane as the linker (stage 211 
3), which provides the surface with an alkyl bromide group, the subsequent conjugation of the 4,4’-bipyridine 212 
(stage 4), and the final installation of a methyl group using methyl iodide (stage 5). The functionalization with 2 213 
(Si—2) is carried out by using APTES as the linker (stage 3), the conjugation of propargyl bromide as a secondary 214 
linker (stage 4), which provides the surface with a terminal alkyne group, and the final conjugation of compound 215 

2 through a Cu(I)-catalyzed azide-alkyne cycloaddition (stage 5). Likewise, the functionalization with 3 (Si—3) 216 
entails the use of APTES as the linker (stage 3) providing the surface with terminal amino groups, and the final 217 
conjugation of the 3 using NHS/EDC coupling (stage 5). All reactions were performed at room temperature. After 218 
each reaction, the wafers were thoroughly washed with the solvent used in the reaction to remove excess 219 
reactants, then with acetone, and were finally dried with a stream of nitrogen before the next stage.  220 

The functionalization was first assessed by performing contact angle measurements on the wafers, to determine 221 
their hydrophobicity upon each functionalization stage, as depicted in the Supporting Information (Table S 1). 222 

Silicon wafers without any functionalization (stage 1) show a contact angle of 46.2±5.2°, similar to previously 223 
reported results.36,58 In contrast, the activation of the wafers performed by acid and basic treatment (stage 2) led 224 
to a significant decrease in the contact angle (23.5±4.3°), which is in accordance with the presence of hydroxyl 225 

groups on the surface. The further addition of the linker (stage 3) led in all cases to an increase in the contact 226 
angle, as the surface becomes more hydrophobic due to the presence of a hydrocarbon chain. The surface showing 227 
the highest contact angle in stage 3 is Si—1 (96.4±2.0°), where the linker incorporates the longest alkyl chain (11 228 

carbons), while the contact angle obtained when the linker is a 3-carbon chain and a final amino group (Si—2 or 229 
Si—3) is 57.9±9.5°. Furthermore, the conjugation of a secondary linker (stage 4) resulted in a decrease in the 230 
contact angle. In the case of Si—1 wafers, the conjugation of 4,4’-bipyridine in this stage implies the formation of 231 

one positive charge upon formation of one pyridinium moiety, leading to a more hydrophilic surface. Finally, in 232 
the three wafers studied (Si—1, Si—2 and Si—3), stage 5 resulted in a further decrease in the contact angle as 233 

compared to the previous stage, in accordance with the positive charges of bipyridinium moieties that make the 234 
surface more hydrophilic. The lowest contact values observed correspond to Si—2 and Si—3 (22.7±5.2° and 235 
25.6±3.4 °, respectively), where each conjugated compound have four positive charges, as opposed to Si—1 having 236 

two positive charges. These results suggest successful functionalization along the different functionalization 237 
stages.  238 

Quantification and homogeneity of the functionalization  239 
The functionalization was assessed and quantified by studying the atomic content of the wafers along the different 240 
functionalization stages using XPS. Binding energy plots of the different elements analyzed in the different wafers 241 
(Si—1, Si—2, Si—3) can be found in the Supporting Information (Figure S 1 to Figure S 3, respectively). The atomic 242 
content of C1s, N1s, Br3d, I3d, P2p, and/or F1s relative to Si2p was calculated by dividing the atomic content of 243 

each element by the atomic content of Si2p. The relative atomic content calculated along the different 244 
functionalization stages can be seen in the Supporting Information (Table S 2 - Table S 4) and is shown in Figure 245 

4. 246 
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 247 

Figure 4. Atomic content relative to Si2p along the different stages of functionalization (1 to 5) of silicon wafers: A) Si—1, B) Si—2, C) Si—3.  248 

The Si—1 wafers (A) show subsequent increases in carbon content (with respect to Si2p) along the different stages, 249 

in accordance with the increasing carbon chain length on the surface. A drastic increase is especially seen in stage 250 
3 (from 22 %  to 260 % with respect to Si2p), corresponding to the conjugation of the 11-carbon linker. Likewise, 251 
a significant increase in bromine content (0 % to 17 %) is seen in stage 3, as it is covalently attached on the surface, 252 

in nitrogen content in stage 4 (from 8 % to 20 %), corresponding to the conjugation of 4,4’-bipyridine, and in 253 
iodine content in stage 5 (from 1 % to 10 %), showing the presence of the counter anion. Similarly, the 254 
functionalization of Si—2 (Figure 4, B), shows a gradual increase in carbon content from stage 3, with a significant 255 
increase in stage 5 (from 52 % to 197 %), where the functionalization involves the highest number of carbon 256 
atoms attached. The gradual increase in nitrogen content along the stages also suggests a successful 257 
functionalization, especially considering that, during stage 5 (from 10 % to 33 %), the highest number of nitrogen 258 
atoms is functionalized on the surface. Furthermore, fluorine can be detected in stage 5 (from 2 % to 5 %), in 259 

accordance with the presence of PF6
– counter anions. Likewise, Si—3 wafers (Figure 4, C) show the presence of 260 

fluorine in stage 5 (from 2 % to 8 %) due to PF6
– anions, while a gradual increase in carbon content was observed 261 

in stages 3 and 5.  262 

The identity of the moieties functionalized on the surface was confirmed by calculating the ratio of N/C atomic 263 
content measured for each surface, as both are covalently bonded elements, and this ratio was compared to the 264 
theoretical ratio according to the chemical structure of each moiety (Table 1). The measured N/C ratios were 265 
similar to the theoretical N/C ratios for Si—1 (0.06 vs 0.09, respectively), Si—2 (0.17 vs. 0.18), and Si—3 (0.13 vs. 266 

0.09), suggesting functionalization in all cases.  267 

 268 

Table 1. Estimation of surface coverage [%] of functionalized silicon wafers (Si—1, Si—2, and Si—3) based on XPS analysis. The similarity 269 
of the measured N/C ratios to the theoretical N/C ratios suggests the correct identity of the conjugated moieties.  270 

 Si—1 Si—2 Si—3 

Measured N1s content relative to Si2p [%] 17.6 32.6 12.8 

Measured C1s content relative to Si2p [%] 311.3 197.4 100.1 

Max theoretical C1s content relative to Si2p [%] 550 1100 1325 

Surface coverage [%] 57  18  8  

Measured N/C ratio 0.06 0.17 0.13 

Theoretical N/C ratio 0.09 0.18 0.09 

Estimated Si atoms functionalized per nm2 41 13 5 

Estimated moieties conjugated per nm2 14 4 2 

Estimated moieties conjugated per microparticle 3.25 x 108 1.03 x 108 4.34 x 107 

 271 
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In order to estimate the proportion of silicon atoms functionalized (surface coverage), the maximum theoretical 272 

atomic content (relative to Si2p) of each element was calculated assuming all the silicon atoms on the surface are 273 
functionalized forming a monolayer, and the measured atomic content from each sample was compared to the 274 
theoretical content. Also, according to the atomic radius of polycrystalline silicon (0.118 nm) (ca. 72 Si atoms per 275 
nm2), the number of moieties functionalized per nm2 was estimated (Table 1). According to the content of C1s, 276 
around 57 % of silicon atoms on the surface of Si—1 wafers are functionalized (57 % surface coverage), meaning 277 
that up to 14 moieties of 1 could be immobilized per nm2. In contrast, Si—2 wafers show around 18 % surface 278 
coverage, meaning that up to 4 moieties of 2 could be conjugated per nm2, and Si—3 show around 8 % of surface 279 

coverage, meaning that up to 2 moieties of 3 could be conjugated per nm2. These differences in surface coverage 280 
can be thus related to the structural differences, where the open chain structure in Si—1 could form a tighter SAM 281 
containing a larger number of moieties, as observed in the representation based on MM2 minimizations (Figure 282 
3, D), whereas the bigger macrocyclic structure of Si—3 results in a lower number of moieties per surface area 283 
(Figure 3, F). The surface coverage values of N1s were similar to those of C1s, as both are covalently bonded, except 284 

for Si—1 wafers, which had less coverage as compared to values of C1s (35 % vs 57 %), suggesting that some 285 
linkers on the monolayer do not react with 4,4’-bipyridine during stage 4 probably as a result of the tightly packed 286 

SAM. Similarly, the surface coverage of the elements of the counter anion (Br3d, I3d, F1s, and P2p) is considerably 287 
lower than C1s, suggesting that the counter anions might be exchanged during washes.  288 

Moreover, the fluorescence of compound 3 was further used for assessing the functionalization of Si—3 wafers 289 

using confocal fluorescence microscopy (See Supporting Information, Figure S 4). Homogeneous fluorescence was 290 
observed across the surface, suggesting the successful formation of a monolayer. 291 

Functionalization of SiµP in suspension  292 

Polysilicon microparticles (SiµP) previously collected in suspension were functionalized following a similar 293 
protocol to the one previously used for the silicon wafers (Figure 3) but adapted to the microparticles. For instance, 294 
reactions were carried out in Eppendorf tubes with typical reaction volumes of 100 µL. Sonication was used 295 

periodically (including at the beginning of each reaction) to induce homogeneous suspension of the microparticles, 296 
which was later maintained using vortex stirring. After each reaction, the microparticles were washed with 297 

centrifugation-resuspension cycles using the same solvent to remove excess reactants, then with acetone to 298 
remove the previous solvent, and the particles were finally dried using a stream of nitrogen. After the cleaning 299 
and activation step (performed in water) (stage 2), IPA and DMF were used as cosolvents to promote the 300 

sedimentation of the particles during the washes and decrease the particle loss. The functionalization strategy 301 
including the reaction conditions can be seen in the Supporting Information (Figure S 5). First, the microparticles 302 

with no previous treatment (SiµP) (stage 1) were subjected to a cleaning and activation step by using acid and 303 
basic treatment, providing the silicon surface with hydroxyl groups (stage 2). Activated microparticles were 304 
immersed in a solution of silane-bearing linkers that react with the hydroxyl groups of the SiµP (stage 3). 305 
Appropriate second linkers and/or compounds containing bipyridinium moieties were then covalently conjugated 306 
to the microparticles (stages 4 and 5).  307 

As achieving homogeneous functionalization of microparticles in suspension remains a challenging task, the 308 
fluorescence of compound 3 was used to study the functionalization of SiµP—3 microparticles using confocal 309 

fluorescence microscopy. Figure 5 (A) shows the fluorescence of 3 being in colocalization with the microparticles, 310 
while 3D-projections of transmission/fluorescence composites Figure 5 (B) show that the fluorescence is indeed 311 
localized on the surface of the microparticles, proving their functionalization. Furthermore, the homogeneity of 312 
the functionalization was studied by quantifying the fluorescence across four different sections of the 313 
microparticles (axes a - d), as shown in Figure 5 (C), and the data were plotted in an overlapped manner (Figure 314 
5, D). The fluorescence intensity profiles for particles 1 and 2 display a constant intensity across the particle 315 
(according to the sensitivity of the technique), which shows they are homogeneously functionalized with 3. In 316 
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contrast, intensity profiles for particle 3 show a decrease in the fluorescence in the central part of the plot, showing 317 

a lack of functionalization in the center of the particle. The mean fluorescence intensity from each axis was 318 
quantified (Figure 5, E) (n = 131 pixels measured), observing no differences between the four different axes (a - 319 
d) for each particle; however, different mean intensities can be observed when comparing between particles 320 
(Figure 5, F) (n = 524 pixels measured). For example, particle 2 shows around 20 % less intensity than particle 1, 321 
whereas particle 3 shows around 48 % less intensity than particle 1 (P<0.0001), evidencing a much more difficult 322 
chemical functionalization in suspension as compared to reactions taking place in solution. One-way Analysis of 323 
Variance (ANOVA) analysis with a Bonferroni’s multiple comparison test can be seen in the Supporting 324 

Information (Table S 5). 325 

 326 
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 327 

Figure 5. Characterization of SiµP—3 microparticles using confocal fluorescence microscopy. A) Z-projection images of representative 328 
SiµP—3 microparticles observed under brightfield microscopy (left), fluorescence at λ ex = 405 nm and λ em = 420-600 nm (center), and 329 
overlapped images (right). B) 3D-projections of SiµP—3 microparticles shown under different angles prove the localization of the 330 
fluorescence on the surface of the microparticles. C) The fluorescence intensity of the surface of the microparticles was analyzed across four 331 
different axes (a-d) in each particle as shown. D) Fluorescence intensity profiles along the axes were obtained using ImageJ and are plotted 332 
together with the transmitted light intensity profiles. E) The mean fluorescence intensity of each axis in each particle is plotted. Values 333 
represent Means ± SD (n = 131 pixels). F) The mean fluorescence intensity for each particle is plotted. Values represent Means ± SD (n = 334 
524 pixels). ***Significant differences (P<0.0001). 335 
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 336 

Particle count 337 
In order to quantify the total number of particles recovered after functionalization, unfunctionalized SiµP and 338 
functionalized SiµP—1, SiµP—2, and SiµP—3 particles were counted in transparent 96-well plates using a 339 
Lionheart FX automated microscope (see Supporting Information, Tables S 6 and S 7). The results show that an 340 
important number of particles are lost during functionalization depending on factors such as the number of 341 

reactions taking place, the number of washes performed after each reaction, and the type of solvents used. 342 
Unfunctionalized particles (SiµP), which are initially suspended in ethanol, are washed several times with water 343 
for removing ethanol completely before performing experiments with cells (stage 1). In the case of functionalized 344 
particles (SiµP—1, SiµP—2 and SiµP—3), the activation step (stage 2) involves the use of a high proportion of 345 
water during the acid and basic treatments (while the resulting hydroxyl groups on their surface increase their 346 

polarity). Therefore, the highest fraction of unfunctionalized particles (≥90 %) are lost during washing (stage 1), 347 
whereas most functionalized particles are lost during activation (stage 2). After activation, functionalization of 348 
SiµP—1 involves the use of less-polar organic solvents, permitting proper sedimentation and thus the highest 349 

particle recovery (95.1±13.9 %) with respect to washed unfunctionalized particles (SiµP). In contrast, the 350 
functionalization of SiµP—2 and SiµP—3 leads to recoveries of 33±4.1 % and 58±32 %, respectively, as a more 351 

polar solvent (ethanol) is used, while the functionalization involves 5 and 4 stages, respectively.  352 

Internalization of unfunctionalized microparticles (SiµP) in Hela cells 353 
The internalization of unfunctionalized microparticles (SiµP) in cancerous Hela cells was studied by adding 354 

different amounts of SiµP to the cells. Considering the impossibility to know the exact number of cells in wells 355 
before incubation due to great variability in biological systems, the approximate number of cells was estimated 356 
according to the confluency. For instance, cells grown to ≈80% confluency (ca. 100,000 cells per well) were 357 
treated with the microparticles, leading to approximate SiµP:cells ratios of 0.04:1, 0.08:1, 0.17:1, and 0.33:1. After 358 

24-h incubation, the cells were observed under brightfield microscopy (See Supporting Information, Figure S 6). 359 

The results show that Hela cells can uptake one or more SiµP per cell, where a higher number of particles added 360 
results in a higher number of particles internalized per cell. The cells remained healthy according to continuation 361 
of division even at the highest dose tested (ca. SiµP:cells ratio 0.33:1). To further confirm the intracellular 362 
localization of the particles and eliminate the possibility of them being attached only to the membrane, confocal 363 
fluorescence microscopy was used. Cells were incubated for 24 h with 20 or 40 µL of suspended microparticles 364 

(SiµP:cells ratios 0.08:1 or 0.17:1, respectively) prior to observation. Figure 6 shows that the particles are localized 365 
in the same focal plane as actin fibers and nuclei, confirming the internalization into Hela cells, while no damage 366 
of the nuclear structure or the cytoskeletal framework is observed.  367 

 368 
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 369 

 370 

Figure 6. Confocal fluorescence microscopy images of Hela cells after 24 h incubation with SiµP (unfunctionalized) at SiµP:cells ratios 371 
0.08:1 (top) and 0.17:1 (bottom). Cells were stained with Phalloidin (targets filamentous actin) and Hoechst 33342 (targets DNA), and 372 
microparticles were observed in reflectance mode. Images were taken at 63x magnification. Scale bar is 20 µm.  373 

Cytotoxicity of functionalized microparticles in Hela cells 374 

The cytotoxicity of functionalized (SiµP—1, SiµP—2, and SiµP—3) and unfunctionalized (SiµP) microparticles in 375 
Hela cells was studied at using confocal fluorescence microscopy. Microparticles in suspension (20 or 40 µL) were 376 
added to the cells, whereas PBS (20 or 40 µL) was added as a control (untreated), and cells were incubated for 24 377 
h. Afterwards, cells were treated with live/dead staining, through which viable cells can be identified by their 378 
green fluorescence, as a result of the enzymatic activity of esterases, whereas dead cells are identified by red 379 

fluorescence, as a result of the binding of ethidium homodimer-1 to DNA, indicating loss of cell- and nuclear-380 
membrane integrity. Samples were washed several times with PBS to remove non-internalized microparticles or 381 
fluorophore, as well as detached (nonviable) cells and were imaged at λ ex = 488 nm and λ em = 520-560 nm 382 
(green), or λ ex = 600 nm and λ em = 635-700 nm (red). In parallel, samples were imaged in brightfield mode to 383 
observe the microparticles and the morphology of cell membranes , while reflectance-mode data was acquired in 384 
some samples for easier visualization of the microparticles (shown in cyan). Figure 7 (A-J) shows the overlapped 385 
3D-projections from the different focal planes acquired of the cells incubated with 20 µL (top) or 40 µL (bottom) 386 
of PBS (A-B) or a suspension of unfunctionalized (SiµP) (C-D) or functionalized SiµP—1 (E-F), SiµP—2 (G-H), or 387 
SiµP—3 (I-J) microparticles. Pale blue arrows point to cells with particles internalized, while red arrows point to 388 
nonviable cells, either those with loss of cell membrane integrity, identified by a bumpy cell membrane, or those 389 
with loss of nuclear membrane integrity as well, identified by red fluorescence. 390 

The cell viability  [%] respect to the untreated sample was estimated according to the esterase activity of cells by 391 

quantifying the fluorescence intensity in the green channel. The cell viability was calculated following two 392 
complementary approaches. In the first approach, the fluorescence in the entire images was quantified, and values 393 
reflect the total esterase activity in the sample (Eq. 1). Thus, the total esterase activity is influenced by the number 394 

and size of cells (confluency) remaining as well as by the esterase activity of each cell, in a similar way as in other 395 
conventional methods in solution such as MTT.59 In the second approach, the mean fluorescence in the cells is 396 

quantified, for which values are not influenced by the number and size of cells remaining, but they specifically 397 
reflect the esterase activity within cells (Eq. 2) (See Supporting Information, Figure S 7). Hence, the comparison 398 
of cell viability values using both approaches could provide information about the number and size of cells after 399 

treatment. The cell viability values observed after incubation with the microparticles were plotted as a function of 400 
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the SiµP:cells ratio of the sample (Figure 7, K), showing a dose-response relationship. In fact, values obtained 401 

using the total esterase activity (top) or the mean intracellular activity (bottom) were generally similar, showing 402 
a correlation between the intracellular esterase activity and cell confluency. 403 

 404 

 405 

Figure 7. A-J) Confocal fluorescence microscopy images of untreated[A-B] Hela cells or after 24-h incubation with either 20 µL (top) or 40 406 
µL (bottom) unfunctionalized (SiµP [C-D]) or functionalized (SiµP—1 [E-F], SiµP—2 [G-H], or SiµP—3 [I-J]) microparticles. Cells were 407 
washed with PBS after incubation to remove non-internalized microparticles as well as detached cells. Live/dead staining was applied to 408 
observe cells showing activity of intracellular esterases (green) and cells with cell and nuclear membrane integrity loss leading to DNA 409 
exposure (red). Sample was observed at λ ex = 488 nm and λ em = 520-560 nm (green), or λ ex = 600 nm and λ em = 635-700 nm (red). 410 
In parallel, samples were observed in brightfield mode to detect cell membranes and microparticles, while reflectance mode was acquired in 411 
some samples for easier visualization of the microparticles (shown in cyan). Images are displayed as projections of the different focal planes 412 
acquired. Pale blue arrows indicate the cells with particles internalized. Red arrows indicate nonviable or lysed cells as identified by their 413 
bumpy cell membrane morphology or DNA exposure. Scale bar is 30 µm. K) Viability of Hela cells upon 24 h incubation with different 414 
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SiµP:cell ratios of unfunctionalized (SiµP) and functionalized (SiµP—1, SiµP—2, or SiµP—3) microparticles. Cell viability is expressed as 415 
a percentage of total esterase activity in the sample (n=3) with respect to untreated cells (top) or mean intracellular esterase activity (n≥10) 416 
with respect to untreated cells (bottom) as measured by fluorescence intensity in the green channel. Values represent Means±SD. L). 417 
Cytotoxicity per particle [cell/SiµP] was obtained both according to the total esterase activity (top) or the mean intracellular esterase 418 
activity (bottom). M) Cytotoxicity per bipy [cell/bipy] was obtained according to the cytotoxicity per particle and total number of 419 
bipyridinium moieties conjugated per particle. Values represent Means±SD. Statistical significance: groups with sharing Greek letters show 420 
no significant differences (P>0.05), whereas groups with different letters are significantly different (P<0.05). 421 

 422 

Untreated Hela cells (Figure 7, A-B) are mostly healthy after incubation and show the highest esterase activity, 423 
while few dead cells are observed. In treated cells (Figure 7, C-J), most particles are internalized (pale blue arrows), 424 
but also some of them are observed outside the cells, and even some are embedded in the cell membrane, (e.g. 425 
Figure 7, D, center). Washing the cells several times before being imaged suggests that those particles outside the 426 
cells were most probably previously internalized, and were later released from the cells due to their loss of 427 
membrane integrity, for which it is possible that particles can be internalized in more than one cell during 428 
incubation.  429 

The cells treated with unfunctionalized (SiµP) microparticles showed 76 % intracellular esterase activity and 80 430 
% total esterase activity at a 0.08:1 SiµP:cells ratio, showing very mild toxicity in accordance to previous results.37–431 
40 In contrast, functionalized microparticles induce a higher toxicity in a dose-response relationship. Incubation 432 
with SiµP—1 (E-F) results in a high proportion of cells with blebbing on the cell membrane, indicating start of 433 
apoptosis, and decreased green fluorescence, leading to 13.3 % mean intracellular esterase activity and 0.4 % total 434 
esterase activity at ≈0.16:1 SiµP:cells ratio. SiµP—2 (G-H) shows the highest cytotoxic effect on Hela cells, where 435 
the particles are colocalized with cells but only unviable cells are observed even at the lowest SiµP:cells ratio 436 
(≈0.03:1) (G), and lead to only 5.9 % esterase activity, either intracellular or total. SiµP—3 particles (I-J) show in 437 
some cases more than one particle internalized per cell, and although very few nonviable cells can be seen, 60.7 438 

% intracellular esterase activity is observed at ≈0.03:1 SiµP:cells ratio, while 59.2 % at the highest (≈0.06:1) 439 

SiµP:cells ratio tested. Interestingly, incubation with SiµP—3 within this range of SiµP:cells ratios did not show 440 
a dose-response decrease of the mean intracellular esterase activity, but did of the total esterase activity, 441 
evidencing a decrease in cell confluency.  442 

Comparisons between the different particles were made by calculating the cytotoxicity per particle [cell/SiµP] 443 

(Eq. 3), an extrapolated value that considers the cell viability and the number of particles dosed (Figure 7, L). As 444 
the cell viability reflects the overall enzymatic activity of cells, the cytotoxicity per particle describes the overall 445 
damage to cell activity, and represents the equivalent number of cells that can die per particle administered if the 446 

remaining live cells maintained their esterase activity. For instance, unfunctionalized particles (SiµP) showed very 447 
low cytotoxicity per particle (1.9±0.5 cell/SiµP according to the total esterase activity). In contrast, all 448 
functionalized particles showed significantly higher toxicity . The highest cytotoxicity per particle was achieved by 449 

SiµP—2, (25.5±8.4 cell/SiµP), higher than the rest (P<0.001). On the other hand, SiµP—3 shows a cytotoxicity 450 
per particle similar or slightly lower than SiµP—1 (4.9±0.8 cell/SiµP vs 6.4±0.1, respectively). However, according 451 
to XPS measurements, SiµP—1 particles show the highest surface coverage (ca. 14 moieties per nm2), whereas 452 
SiµP—3 show the lowest (ca. 2 moieties per nm2). Taking in account these differences, the cytotoxicity per bipy 453 

[cell/bipy], was also calculated according to the total number of bipyridinium units conjugated per particle (Figure 454 
7, M). In this line, there is a 2.7-fold higher cytotoxicity per bipy of SiµP—3 as compared to SiµP—1 evidencing  455 
the importance of both the number of bipyridinium units in the cells and their arrangement on the surface of the 456 
microparticles. The cyclic structure of 3 leads to a less densely packed layer of bipy units conjugated in SiµP—3, 457 
which could favor its interaction with dissolved oxygen to generate ROS, achieving more efficiency in ROS 458 
generation as compared to SiµP—1. On the other hand, SiµP—2 show 2.6-fold higher cytotoxicity per bipy than 459 
SiµP—3. As both compounds 2 and 3 have a cyclic structure, the lower cytotoxicity per bipy of SiµP—3 may be 460 
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influenced by the p-phenylene spacer in the bipyridinium units. According to DPV experiments, the redox 461 

transition of 3 occurs at a slightly lower potential than 1 or 2, which may possibly account for a lower ROS 462 
generation and therefore lower cytotoxicity.  463 

In solution, compounds bearing one bipyridinium moiety show IC50 values in cancerous cells ranging from 5.6 to 464 
240 µM,52 some of them showing even higher cytotoxicity than cisplatin (IC50 15 to 142 µM). Thus, the equivalent 465 
concentration of compounds 1, 2, and 3 conjugated on the particles was estimated as if they were in solution (see 466 
Supporting Information, Table S 8). For instance, SiµP—1 show 48.4 % cell viability when they are dosed at 22.1 467 
nM of compound 1 , whereas SiµP—3 show 49.6 % viability at 3.6 nM of 3, and SiµP—2 only show 5.9 % cell 468 

viability at 2.2 nM of 2, evidencing an increased cytotoxicity when bipyridinium moieties are conjugated onto the 469 
microparticles.  470 

The mechanism of toxicity of compound 1 in solution, which has been widely studied in vitro, using cell cultures, 471 
and in vivo,50,51,60,61 involves the initial generation of superoxide anion, the formation of oxygen radicals, and the 472 
further lipid peroxidation, a radical chain reaction that spreads across polyunsaturated fatty acids (PUFA) of the 473 
cell membranes. The cytotoxicity mechanism is schematized and explained in the Supporting Information (Figure 474 
S 8). Although ROS are formed and lipid peroxidation occurs in healthy cells at basal levels, the extent of the 475 

oxidative state of cells determines their fate, where low levels of ROS and lipid peroxidation trigger the endogenous 476 
antioxidant systems (glutathione, vitamin E, superoxide dismutase, catalase, glutathione peroxidase) to counteract 477 

oxidation; but in contrast, high levels of lipid peroxidation trigger apoptosis or programmed necrosis.60 478 

To observe if bipyridinium-functionalized microparticles follow a similar pathway, confocal fluorescence 479 
microscopy was used to image Hela cells upon being treated for different times with compound 1 in solution  (100 480 
µM, within the reported IC50 values) or with SiµP-1 at lower doses (SiµP:cells 0.002:1 to 0.008:1). Cells were 481 

treated with CellROX® orange as a generalized fluorescent sensor to detect ROS in the cytoplasm, and were 482 
observed at λex 561 nm and λem 566-759 nm (orange-red). In parallel, brightfield mode and blue emission (λex 405 483 
nm and λem 410-471 nm) were acquired to observe changes in cell morphology and composition. It has been 484 

reported that the spontaneous photon emission (SPE), occurring in lipid peroxidation, is attributed to excited 485 
states created during oxidative metabolic reactions. The main source of SPE is the slow spontaneous 486 

decomposition of lipid peroxides and endoperoxides, generating species such as singlet oxygen and excited triplet 487 
carbonyl groups. As well, the bimolecular reaction of alkoxy radicals lead to excited triplet carbonyl groups. Upon 488 
relaxation, excited carbonyl groups emit light in the blue region, whereas the bimolecular reaction of singlet 489 

oxygen emits light in the red region. Thus, imaging their luminescence could be used as a non-destructive 490 
technique capable of detecting lipid peroxidation in tissues. 61,62  491 

Figure 8 shows overlapped Z-projections of untreated cells, or cells treated with compound 1 for 1, 2, 4, or 24 h, 492 
or treated with SiµP-1 for 2, 4, or 24 h. After either 1 or 2-h incubation with 1 in solution, the cells start to show 493 
signs of lipid peroxidation, being less transparent in the brightfield than untreated cells, which indicates either 494 
change in the composition or in the arrangement of the lipid bilayer, and showing higher number of vesicles of 495 
400 – 900 nm in diameter. Higher blue emission was observed in these cells, especially coming from the vesicles, 496 
suggesting accumulation and reaction of alkoxy and peroxyl lipid radicals during lipid peroxidation. Incubation 497 
for longer times (4 or 24 h) shows increased sings of lipid peroxidation, including the blebbing of the cell 498 

membrane, indicating start of apoptosis, also observed in Figure 7. 499 

In contrast, a higher extent of lipid peroxidation is associated to lower cytosolic ROS levels. After 2-h incubation 500 
cytosolic ROS concentrations remained similar to those of untreated cells (see Supporting Information Figure S 501 
9), but decreased significantly after 4-h incubation. The ROS species induced by bipyridinium (initial superoxide 502 
and subsequent hydroxyl and peroxyl radicals) show very low stability. Whereas the estimated half-life of H2O2 is 503 
10-3 s, and permits its diffusion to 1 μm from its origin,63 the half-life of hydroxyl radical (•OH) is around 10-6 s,64 504 
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and that of superoxide (O2
•−) is only 10−9 s, indicating that they should immediately react with directly proximal 505 

substrates such as proteins and PUFA in the cell membrane.63 The lipid radicals formed can in turn react with 506 
molecular oxygen and other ROS in the cytoplasm, leading to their eventual depletion.  507 

 508 

 509 
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 510 

Figure 8. Confocal fluorescence microscopy images (Z-projections) of (A) untreated Hela cells, or Hela cells treated with (B) 100 µM 1 in 511 
solution for 1, 2, 4, or 24 h, or treated with SiµP-1 at (C) SiµP:cells 0.002: 1, (D) SiµP:cells 0.004: 1, (E) SiµP:cells 0.008: 1, for 2, 4, or 24 512 
h. Upon 4-h incubation with 1, important lipid peroxidation occurs leading to changes in cell morphology, with decreased transparency 513 
(brightfield),  increased blue-emission, and decreased cytosolic ROS (red). Incubation with SiµP-1 for 2 h leads to important lipid 514 
peroxidation, similar to that observed with 4-h incubation with 1 in solution. Scale bar represents 40 µm. 515 
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Incubation with SiµP-1 for 2 h, already at the lowest dose (SiµP:cells 0.002:1), led to significantly lower cytosolic 516 

ROS and important lipid peroxidation, similar to the 4-h incubation with 1 in solution. Lipid peroxidation starts 517 
in the cells internalizing particles, and spreads out across the proximal cells, as observed in ¡Error! No se 518 
encuentra el origen de la referencia. D, 4 h. At the lowest dose, the equivalent concentration of bipyridinium 519 
units is 0.6 nM if they were in solution, evidencing a much higher efficiency when they are onto the microparticles. 520 
The close contact of the particles with the cell membrane due to strong multivalent interactions between the 521 
microparticles and the cell membrane, and due to sedimentation, might facilitate superoxide, hydroxyl, and 522 
peroxyl radicals to react with PUFA molecules, greatly increasing the speed of lipid peroxidation as compared to 523 

solution. 524 

The membrane integrity loss induced by the microparticles was also confirmed by incubating Hela cells with the 525 
microparticles at low confluency (≈10 %) and higher SiµP:cells ratios, permitting an easier observation of their 526 
morphology and their interaction with the particles (see Supporting Information, Figure S 10). After 24-h 527 
incubation, the cells internalizing particles can completely lose their membrane integrity and release the 528 
microparticles, evidencing that each particle could be internalized in more than one cell during incubation. As 529 
observed by their morphology, apoptosis occurs not only in cells with particles internalized, but also on the 530 

neighboring cells, similar to observations at lower confluency (Figure 7 and Figure 8), in line with the radical 531 
chain reaction spreading across membranes.  532 

These observations suggest that the mechanism of cytotoxicity of the bipyridinium-functionalized microparticles 533 

is similar to that of compound 1 in solution, but the microparticles can induce the cytotoxic effects in shorter times 534 
and to a much higher extent, with strong dependence on the number and type of particles administered. 535 

Nonetheless, their high stability and self-renewing ability could possibly lead to further toxicity effects if they are 536 

left within the body. Even though it is true that polysilicon could be oxidized intracellularly to silicon oxide over 537 
time, and the latter can be biodegraded by dissolution of silicic acid into the aqueous medium,65 the removal of 538 
the particles after exerting their toxicity could be considered. As their negligible self-diffusion helps the particles 539 

remain in place, they could be removed depending on the characteristics of the tumor tissue (surgical removal / 540 
suction techniques as in liposuction procedures). The administration of antioxidants such as α-tocopherol  541 

(vitamin E) could help stopping the radical chain reactions remaining in surrounding tissues, as they can react 542 
with lipid radicals becoming stable radicals.35 Nonetheless, its high lipophilicity limits its distribution and diffusion 543 
across tissues, for which the administration of water-soluble analogs, or the use of liposomal preparations are 544 

needed to improve their efficacy.51 545 

 546 

Conclusions 547 

As a suitable system to improve the efficacy and selectivity towards cancerous cells, bipyridinium-derived 548 
compounds 1, 2, and 3 were selected for their ability to induce cytotoxicity in a range of potentials normally 549 
achieved in intracellular conditions and in a self-renewing fashion, and were covalently conjugated onto 550 
polysilicon microparticles (SiµP). The system was designed to increase the selectivity by means of three aspects: 551 
the size of microparticles eliminating their diffusion to surrounding tissues, the EPR effect maximizing their 552 
retention within the tumor, and the covalent immobilization of compounds onto the microparticles avoiding their 553 

release to solution and further diffusion.  554 

Microparticles can be homogeneously functionalized with bipyridinium-containing compounds of different 555 
architectures, where the open chain structure of 1 permits a more densely packed SAM than the cyclic structures 556 
of 2 and 3. They can be well internalized in cancerous Hela cells leading to several cytotoxic effects, including ROS-557 
mediated lipid peroxidation, nuclear and cell membranes integrity loss, and overall decreased viability as observed 558 
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by intracellular and total esterase activity. Unfunctionalized particles are mainly non-cytotoxic, whereas 559 

bipyridinium-functionalized induce lipid peroxidation in their host cell and in the neighboring cells in less than 2 560 
h. Functionalized particles importantly reduce cell viability at very low SiµP:cells ratios, leading to 561 
cytotoxicity per particle values of 6.4±0.7, 25.5±8.4, and 4.9±0.8 cell/SiµP, for SiµP—1, SiµP—2, and SiµP—3, 562 
respectively. Considering the number of moieties conjugated, the cytotoxicity per bipy values suggest that the less 563 
densely packed arrangement of bipyridinium units in cyclic structures (SiµP—2 and SiµP—3) may account for a 564 
higher cytotoxic efficiency than in an open chain structure (SiµP—1). Nonetheless, the extended structure of 565 
bipyridinium (SiµP—3) may decrease their efficiency as compared to non-extended (SiµP—2), in line with the 566 

lower reduction potential in solution. The compounds conjugated display cytotoxicity at doses representing 567 
nanomolar concentrations if they were in solution, 3 orders of magnitude below IC50 values reported.  568 

The highly efficient cytotoxicity of bipyridinium-functionalized microparticles might be promoted by their self-569 
renewing ability, their possibility to internalize in more than one cell, and their proximity to the cell membrane 570 
due to strong multivalency interactions and sedimentation, facilitating the immediate reaction of the oxygen 571 
radicals with PUFA and increasing the speed of lipid peroxidation. The great extent of lipid peroxidation in short 572 
incubation times, and at low concentration of microparticles or bipyridinium units, is in line with the decreased 573 

cell viability induced, where the overall cytotoxic efficiency is reflected in the high cytotoxicity per particle and 574 
cytotoxicity per bipy values observed.  575 

The fabrication of the SiµP based on silicon technologies allows a high reproducibility and control of the 576 

microparticles dimensions. The microparticles can be observed even under simple brightfield and fluorescence 577 
microscopies. They could be directly injected in suspension within the tumor, with control over the number of 578 
particles and the amount of compound administered, and could be further eliminated upon removal of the 579 

damaged tissue and treatment with antioxidants such as vitamin E. Looking to the future, the inclusion of 580 
magnetic materials during particle fabrication could improve their controlled elimination, while their possibility 581 
for hybrid functionalization could combine more functionalities in a single silicon chip, for example, the 582 

conjugation of antibodies on their surface may also provide increased active tumor targeting.14,66 583 

Materials and Methods 584 

Materials and solvents 585 
MilliQ water (18 MΩ cm) was used in all the experiments. Dichloromethane 99.8 % (DCM), N,N-Dimethyl 586 

formamide (DMF), Isopropanol (IPA), Ethanol (EtOH), Sulfuric acid 98 % (H2SO4), Hydrogen peroxide solution 587 
30 % (H2O2), Ammonium hydroxide solution 28 % (NH4OH), Ethanol, Acetone (99.5 %), Acetonitrile anhydrous 588 
(99.8 %) (MeCN), (3-Aminopropyl)triethoxysilane (APTES), and 11-Bromoundecyltrichlorosilane 95 % (BUTCS) 589 

were purchased from abcr, Iodomethane 99 %, Propargyl chloride, Triethylamine (Et3N), N-Hydroxysuccinimide 590 
(NHS), N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), Tetrabutylammonium 591 
hexafluorophosphate (TBA·PF6), Copper(I) bromide (CuBr), N,N,N′,N′′,N′′-Pentamethyldiethylenetriamine 592 

(PMDETA), (+)-Sodium L-ascorbate, tributylamine, 4,4′-Bipyridine, Parafilm® M, Phosphate-buffered saline 593 
(PBS) tablets, and Live/Dead Cell Double Staining Kit were purchased from Sigma. Hoechst 33342, 594 

Trihydrochloride, Trihydrate - 10 mg/mL Solution in Water and Gibco Dulbecco's Modified Eagle Medium 595 
(DMEM) were purchased from Thermo Fisher Scientific. Image-iT Fixative Solution (4 % formaldehyde, 596 
methanol-free) (PFA) was purchased from Invitrogen. ROS fluorescent probe 2',7'-Dichlorofluorescein diacetate 597 
was purchased from Cayman chemical. 598 

Solutions 599 
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Piranha solution was prepared by mixing H2SO4with H2O2 solution in a proportion of 7:3 (v:v). Basic solution was 600 

prepared by mixing NH4OH solution with H2O2 solution and water in a proportion of 1:1:5 (v:v:v). PBS (10 mM 601 
phosphate) solution was prepared according to manufacturer’s instructions.  602 

Synthesis of bipyridinium compounds 603 
Compound 1 was synthesized by dissolving 4,4’-bipyridine (0.5 g, 3.2 mmol) in dry MeCN (100 mL) under 604 
magnetic stirring. Methyl iodide (4.54 g, 32 mmol) was added and the solution was kept under reflux for 24 h. 605 
The orange-red solid precipitate was filtered under vacuum, washed thoroughly using MeCN and acetone. The 606 
precipitate was dissolved in water and a saturated aqueous solution of ammonium hexafluorophosphate was 607 

added. The precipitate was recovered by centrifugation, after which the supernatant was removed, and the solid 608 
was further washed by resuspension-centrifugation cycles using water (3 x 1 mL). The solid was dried overnight 609 
under vacuum to obtain compound 1. Purity was confirmed by TLC and identity was confirmed by 1H NMR. 610 
Compound 2 was synthesized by adapting a protocol for the synthesis of the azide-substituted bluebox (CBPQT4+-611 
N3),67 and compound 3 was synthesized by adapting a protocol for the synthesis of the m-ExBox.68 The synthesis 612 
and molecular characterization of 2 and 3 will be published elsewhere. 613 

Differential Pulse Voltammetry (DPV) 614 

DMF was degassed in a sealed vial with a stream of nitrogen for 10 min and was used in all the DPV experiments. 615 
The working vial and the reference electrode were cleaned with DMF. 1 mg of compound (either 1, 2, or 3) was 616 
dissolved in degassed DMF (1 mL) containing TBA·PF6 and was placed in the working vial. Additional degassed 617 

DMF (2 mL) was added to reach enough volume to cover the electrodes. A working electrode, a Pt counter 618 
electrode, and a reference electrode (ground) were mounted in the working vial and the system was sealed with 619 
parafilm®. Nitrogen was bubbled through the solution for an additional 3 min. DPV analyses of the three different 620 
compounds in solution were acquired using Gamry Framework software, setting the analysis from 0.5 V to –2.5 621 

V with a scan rate of 100 s–1 and a step size of 5 mV. 622 

Cleaning and activation of silicon wafers 623 

Stage 1: Wafers (0.25 cm2) were first washed with water (2 x 5 mL) and ethanol (2 x 5 mL) and then dried with a 624 
stream of nitrogen. Stage 2: Subsequently, the wafers were activated by immersing them in piranha solution for 625 
one hour at room temperature under orbital shaking, after which the wafers were rinsed with water (2 x 5 mL) 626 

and dried with a stream of nitrogen. Wafers were then immersed in basic solution for 30 min at room temperature 627 
under orbital shaking, rinsed with water (2 x 5 mL), and dried with nitrogen. 628 

Functionalization of silicon wafers with 1 (Si—1) 629 
Stage 3: Previously activated wafers (Stages 1 and 2) were immersed in a 5 % solution of BUTCS solution in DCM 630 
and were left under orbital shaking overnight at room temperature, after which they were rinsed with DCM (2 x5 631 
mL) and dried with a stream of nitrogen. Stage 4: Wafers were immersed in a 43 mM solution of 4,4’-bipyridine 632 
in IPA and were left under orbital shaking overnight at room temperature, after which they were rinsed with IPA 633 

(2 x5 mL) and dried with nitrogen. Stage 5: Finally, wafers were immersed in a 200 mM solution of iodomethane 634 
in DCM and were left under orbital shaking for 48 h at room temperature. Wafers were rinsed with DCM (2 x 5 635 
mL) and dried with nitrogen.  636 

Functionalization of silicon wafers with 2 (Si—2) 637 
Stage 3: Previously activated wafers (Stages 1 and 2) were immersed in a solution of APTES in ethanol (1:19) and 638 
were left at room temperature under orbital shaking for 3 h, after which wafers were washed with ethanol (2 x 5 639 
mL) and acetone (2 x 5 mL) and dried with a stream of nitrogen. Stage 4: Wafers were immersed in a solution 640 

containing 120 mM propargyl chloride, 60 mM tributylamine, and 60 mM triethylamine in DCM and kept at room 641 
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temperature under orbital shaking for 7 h. Afterwards, wafers were rinsed with acetone (2 x 5 mL) and dried with 642 

a stream of nitrogen. Stage 5: Wafers were immersed in a solution containing 10 mM 2, 0.1 mM CuBr, 0.1 mM 643 
PMDETA, and 5 mM sodium ascorbate in DMF:H2O (98:2), and the flask containing the wafers was sealed, bubbled 644 
with nitrogen for 5 min, and kept overnight at room temperature with magnetic stirring. Afterwards, wafers were 645 
washed with DMF (2 x 5 mL) and acetone (2 x 5 mL) and dried with nitrogen. 646 

Functionalization of silicon wafers with 3 (Si—3) 647 
Stage 5: Wafers previously activated (Stages 1 and 2) and functionalized with APTES (Stage 3) were immersed in 648 
a solution containing 0.22 mM 3, 4.9 mM NHS, 4 mM EDC, and 0.02 % of Et3N in MeCN and then kept under 649 

magnetic stirring for 4 h at room temperature. Wafers were then washed with MeCN (2 x 5 mL) and acetone (2 x 650 
5 mL) and dried with nitrogen. 651 

Contact angle measurements 652 

Contact angle measurements were performed in air using a Thetalite100 goniometer equipped with the software 653 
OneAttension (Finland). A 3 µL drop of milliQ water was applied on the surface and the mean of 10 contact angle 654 
measurements was obtained. At least three replicates for each sample were analyzed. 655 

X-Ray Photoelectron Spectroscopy (XPS) 656 

Silicon oxide wafers with the polysilicon microparticles on top were analyzed using a Thermo ESCAlab 250 Xi X-657 
Ray Photoelectron Spectroscopy (XPS) instrument controlled by ThermoFisher Avantage v5 software. A survey 658 
was performed from each surface after each functionalization stage, and further analysis of the atomic content of 659 

Br3d, Si2p, C1s, N1s, O1s, and I3d was performed. The atomic content of each element relative to Si2p was 660 
obtained.  661 

Confocal fluorescence microscopy of Si—3 wafers   662 

Si—3 wafers were observed in a Leica SP8 Confocal Fluorescence Microscope in the Biological Imaging Facility 663 
(RRID:SCR_017767) at Northwestern University, controlled by FluorEscence V.35 software. A laser set at λex = 664 

405 nm (10 % intensity) and a HyD2 detector set at λem = 420 ± 11 nm and smart gain 390 % were used to 665 

observe fluorescence from 3. The detection of the silicon surface was achieved in reflectance mode. Pinhole was 666 
set at 1 and 8.5X zoom was used. 667 

Functionalization of Silicon microparticles (SiµP) with bipyridinium compounds 668 
Cleaning of unfunctionalized microparticles (SiµP). Stage 1: As a control for different experiments, 669 

unfunctionalized microparticles (SiµP) (ca. 1.5 million per Eppendorf) initially suspended in ethanol (1 mL) were 670 
sedimented with centrifugation and supernatant was removed. Particles were washed with water (2 x 100 µL) 671 
using centrifugation-resuspension cycles (10 min, 13400 rpm) and finally resuspended in 150 µL PBS. 672 

Activation of microparticles. Stage 2: SiµP (ca. 1.5 million per Eppendorf) initially suspended in ethanol (1 mL) 673 
were sedimented with centrifugation and supernatant was removed. Particles were then activated by acid and 674 
basic treatment without prior cleaning in order to decrease particle loss. Briefly, piranha solution (100 µL) was 675 
added, microparticles were resuspended using sonication (10 s) and left under vortex at room temperature for 1 676 
h. Microparticles were washed with isopropanol (2 x 900 µL) by centrifugation-resuspension cycles (10 min, 677 
13400 rpm) and the supernatant was completely removed. Basic solution (100 µL) was then added to each 678 
Eppendorf tube, microparticles were resuspended using sonication and left under vortex at room temperature for 679 
30 min. DMF (900 µL) was added, particles were sonicated and then centrifuged (10 min, 13400 rpm), and 680 
supernatant was removed. 681 
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Functionalization of SiµP—1. Stage 3: A 1.71 mM solution of BUTCS in DCM (300 µL) was added to previously 682 

activated microparticles (stage 2). The suspension was sonicated for 5 min and was left under vortex stirring 683 
overnight at room temperature. Afterwards, particles were washed with centrifugation-resuspension cycles (10 684 
min, 13400 rpm) using DCM (1 x 800 µL) and IPA (1 x 800 µL), and supernatant was finally removed. Stage 4: A 685 
83 mM solution of 4,4′-bipyridine in IPA (500 µL) was added to the microparticles. The reaction was carried out 686 
at room temperature for 3 h under sonication, after which IPA (500 µL) was added and particles were sedimented 687 
using centrifugation and supernatant was removed. Stage 5: A 800 mM solution of iodomethane in IPA (500 µL) 688 
was added to each tube. Microparticles were resuspended with sonication (1 min) and left under vortex for 48 h 689 

at room temperature. Particles were washed with centrifugation-resuspension cycles using IPA (2 x 1000 µL), and 690 
were resuspended in acetone (1000 µL) and stored at room temperature. Before further experiments, particles 691 
were centrifuged, the supernatant was removed, and the remaining solvent was completely evaporated using a 692 
stream of nitrogen (≈5 min) before being resuspended in the desired medium. 693 

Functionalization of SiµP—2. Stage 3: A solution (200 µL) of APTES in ethanol (1:19) was added to previously 694 
activated SiµP (stage 2). The suspension was sonicated for 3 h at room temperature, after which particles were 695 
centrifuged and the supernatant was removed. Stage 4: A solution containing 558 mM propargyl chloride and 696 

788 mM Et3N in ethanol (260 µL) was added to the particles, and they were resuspended using sonication (30 s). 697 
The reaction was carried out under vortex stirring overnight at room temperature, after which particles were 698 
washed with centrifugation-resuspension cycles with ethanol (2 x 200 µL) using sonication, and the supernatant 699 

was finally removed. Stage 5: A solution containing 0.87 mM 2, 0.087 mM CuSO4, and 0.87 mM sodium ascorbate 700 
in DMF:H2O (98:2) (200 µL) was added to the particles and they were resuspended using sonication (30 s). The 701 
reaction was left overnight under vortex stirring at room temperature. Particles were then washed with 702 

centrifugation-resuspension cycles using DMF:H2O (98:2) (1 x 200 µL) and then acetone (1 x 200 µL). Particles 703 
were finally resuspended in acetone (1000 µL) and stored at room temperature. Before further experiments, 704 
particles were centrifuged, the supernatant was removed, and the remaining solvent was completely evaporated 705 

using a stream of nitrogen (≈5 min) before being resuspended in the desired medium. 706 

Functionalization of SiµP—3. Stage 5: To the microparticles previously functionalized with APTES (stage 3), a 707 

solution containing 0.12 mM 3, 2.65 mM NHS, and 2.08 mM EDC in DMF:H2O:MeCN (56:31:13) (200 µL) was 708 
added. The particles were resuspended using sonication (30 s), and the reaction was kept overnight under vortex 709 
stirring at room temperature. Afterwards, particles were sonicated and were washed with centrifugation-710 

resuspension cycles using DMF:H2O:MeCN (56:31:13) (1 x 200 µL) and acetone (1 x 200 µL). Particles were finally 711 
resuspended in acetone (1000 µL) and stored at room temperature. Prior to conducting further experiments, 712 

particles were centrifuged, the supernatant was removed, and the remaining solvent was completely evaporated 713 
using a stream of nitrogen (≈5 min) before being resuspended in the desired medium. 714 

Particle count 715 
100 µL PBS (1x) were added to each well in transparent 96-well plates. Previously washed unfunctionalized (SiµP) 716 
and functionalized (SiµP—1, SiµP—2, SiµP—3) microparticles were resuspended in PBS (150 µL) using 717 
sonication, and 20 µL or 40 µL aliquots of each suspension were added to the different wells. Particles were 718 
counted using a Lionheart FX automated microscope. ImageJ particle-count plugin was used for counting the 719 

particles in the images. As the total sample volume in each well is known, as well as the dimensions of the region 720 
imaged, the volume of sample observed can be calculated (see Supporting Information, Table S5). Therefore, the 721 
total number of particles recovered after functionalization was estimated (see Supporting Information, Table S6). 722 

Internalization of unfunctionalized microparticles (SiµP) in Hela cells 723 
The internalization of unfunctionalized SiµP in cancerous Hela cells was studied using brightfield and confocal 724 

fluorescence microscopies. Cells grown to 80 % confluency (ca. 100,000 cells per well) were treated with different 725 
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volumes (10, 20, 40, and 80 µL) of a suspension of microparticles (≈417 SiµP/µL) in PBS. PBS was added to a 726 

final volume of 80 µL and DMEM (100 µL) was finally added. Cells were incubated for 24 h at 37°C and 5 % CO2 727 
and were later washed multiple times with PBS to remove non-internalized particles and detached cells. Samples 728 
were observed under brightfield microscopy using a Lionheart FX automated microscope. Images were taken on 729 
a LionheartFX (BioTek) microscope with an Olympus 10X PL FL Phase objective, yielding an image with pixel size 730 
dx = dy = 0.658 m. 731 

Internalization of the SiµP in cells was assessed by confocal fluorescence microscopy. Cells were treated with 20 732 
or 40 µL of a suspension of microparticles (≈417 SiµP/µL) in PBS (SiµP:cells ratios 0.08:1 or 0.17:1, respectively), 733 

and DMEM to complete a final volume of 200 µL. After 24-h incubation with the microparticles, cells were fixed 734 
with 4 % PFA and stained with Alexa Fluor® 488 Phalloidin (targets filamentous actin) and Hoechst 33342 (targets 735 

DNA). Images were taken at 63x magnification (Leica HCX PL APO 63x/1.4NA) on a Leica SP8 confocal microscope, 736 
yielding an image with pixel size of dx = dy = 0.072 m. DNA was detected at λ ex = 405 nm and λem = 480-500 737 

nm. Actin was detected at λex = 488 nm and λem = 520-600 nm. SiµP were detected in reflectance mode at λ = 738 
650 nm. 739 

Cytotoxicity of functionalized microparticles in Hela cells 740 
Hela cells were grown to ≈80 % confluency (approx. 100,000 cells per well). Unfunctionalized (SiµP) and 741 
functionalized (SiµP—1, SiµP—2, SiµP—3) particles were resuspended in 150 µL PBS (1x) using sonication. Cells 742 

were treated with 20 or 40 µL of the suspensions of microparticles in PBS. Untreated cells (20 or 40 µL in PBS) 743 
were processed in parallel as a control. DMEM was then added to obtain a final volume of 200 µL. Cells were 744 
incubated (37 °C, 5 % CO2) for 24 h, were fixed with 4 % PFA, and stained with Live/Dead Cell Double Staining 745 
kit 30 min before being imaged. Cells were washed with PBS to remove fluorophores in solution, non-internalized 746 
particles, and detached dells, and were imaged using confocal fluorescence microscopy at λ ex = 488 nm and λ 747 

em = 520-560 nm (green), or λ ex = 600 nm and λ em = 635-700 nm (red). In parallel, samples were observed 748 
in brightfield mode to detect cell membranes and microparticles, while reflectance-mode data was acquired in 749 

some samples for easier visualization of the microparticles, yielding an image with pixel size of dx = dy = 0.072 750 
m. Non-fluorescent Calcein-AM (acetoxymethyl ester of calcein) is highly lipophilic and cell membrane 751 
permeable. Intracellular esterases then generate calcein in a viable cell emitting a strong green fluorescence (λex 752 

490 nm, λem 515 nm).  753 

The cell viability [%] was calculated using ImageJ by quantifying the fluorescence in the green channel. For that, 754 
two different approaches were followed. In the first approach, the cell viability [%] was estimated as shown in 755 

the equation: 756 

Eq. 1 757 

 𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑡𝑜𝑡𝑎𝑙 𝑒𝑠𝑡𝑒𝑟𝑎𝑠𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦[%] =  
𝐹𝐼𝑖𝑚𝑎𝑔𝑒(𝑠𝑎𝑚𝑝𝑙𝑒)

𝐹𝐼𝑖𝑚𝑎𝑔𝑒(𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑) 
·  100 758 

Where FIimage is the integrated fluorescence intensity of the images. According to this approach, values reflect the 759 
total esterase activity of the sample after treatment with particles, and is influenced by the number and size of 760 
cells (cell confluency) remaining in the sample, as well as by the esterase activity of each cell. Thus, this approach 761 
is equivalent to other conventional methods for assessing the cell viability in solution such as MTT.59  762 

In the second approach, areas of the image containing cells (n≥10) were delimited, and the mean fluorescence 763 
was quantified in such areas. Then, the cell viability [%] was then obtained as follows: 764 

Eq. 2 765 
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𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦𝑚𝑒𝑎𝑛 𝑖𝑛𝑡𝑟𝑎𝑐𝑒𝑙𝑙𝑢𝑙𝑎𝑟 𝑒𝑠𝑡𝑒𝑟𝑎𝑠𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦  [%] =  
𝑀𝐹𝐼𝑐𝑒𝑙𝑙𝑠(𝑠𝑎𝑚𝑝𝑙𝑒)

𝑀𝐹𝐼𝑐𝑒𝑙𝑙𝑠 (𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑)
· 100 766 

Where MFIcells is the mean fluorescence intensity of cells. According to this approach, values are not influenced by 767 
the number and size of cells remaining in the sample, but they specifically reflect the esterase activity within cells 768 
after treatment with particles. The comparison of cell viability values using both approaches could provide 769 
information about the number and size of cells after treatment. 770 

Using both approaches (eq. 1 and 2), the cytotoxicity per particle [cell/SiµP] was calculated according to the 771 
equation:  772 

Eq. 3 773 

𝐶𝑦𝑡𝑜𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦 𝑝𝑒𝑟 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 [
𝑐𝑒𝑙𝑙

𝑺𝒊µ𝑷
] = (

100 − 𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦

100
) (

𝑛𝑐𝑒𝑙𝑙𝑠

𝑛𝐒𝐢µ𝐏
) 774 

Where ncells is the estimated number of cells in each well at the start of the experiment (ca. 100 000), and nSiµP is 775 

the total number of microparticles dosed to the cells. This proportion of cells to microparticles is also the inverse 776 
value of the SiµP:cells ratio [SiµP/cell]. 777 

Finally, the cytotoxicity per bipy [cell/bipy] was calculated as follows: 778 

Eq. 4 779 

𝐶𝑦𝑡𝑜𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦 𝑝𝑒𝑟 𝑏𝑖𝑝𝑦 [
𝑐𝑒𝑙𝑙

𝑏𝑖𝑝𝑦
]  =  

𝐶𝑦𝑡𝑜𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦 𝑝𝑒𝑟 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 

𝑏𝑖𝑝𝑦 𝑝𝑒𝑟 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 
  780 

Where bipy per particle [bipy/SiµP] is the total number of bipyridinium moieties conjugated per particle, 781 
considering the number of molecules conjugated and the number of bipyridinium moieties contained in each 782 

molecule. 783 

To observe the mechanism of cytotoxicity of the microparticles, Hela cells were incubated in DMEM at ≈80% 784 
confluency (≈476000 cells per well ), and were treated with compound 1 solution at a final concentration of 100 785 

µM for 1, 2, 4, or 24 h, or with 10, 20, or 40 µL of a suspension of 97.6 SiµP/µL of SiµP-1 (SiµP:cells 0.002:1, 786 
0.004:1, or 0.008:1) for 2, 4, or 24 h. 30 min prior observation, cells were washed and incubated with CellROX® 787 
orange, after which they were washed and observed using a Zeiss LSM 880 confocal fluorescence microscope. 788 
Samples were observet at λex 561 nm and λem 566-759 nm (orange-red), λex 405 nm and λem 410-471 nm (violet-789 
blue), and brightfield. Z-projections of the stacks acquired were made using ImageJ yielding an image with pixel 790 

size dx = dy = 0.208 m. 791 

To observe more easily the membrane integrity loss, Hela cells were grown to ≈10 % confluency in 96-well plates 792 
(ca. 12,500 cells per well). PBS (40 µL) and DMEM (100 µL) was added, and a suspension of microparticles (40 793 
µL) in PBS was finally added. Cells were incubated for 24 h at 37°C and 5 % CO2 for observing cells and their 794 
interaction with the microparticles. Samples were observed on a LionheartFX (BioTek) automated microscope 795 
with an Olympus 10X PL FL Phase objective. Images were acquired in brightfield mode yielding an image with 796 
pixel size dx = dy = 0.658 m. 797 
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