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31 Abstract 



32 Gold core mesoporous silica shell (AuMSS) nanorods are multifunctional nanomedicines 
33 that can act simultaneously as photothermal, drug delivery, and bioimaging agents. 
34 Nevertheless, it is reported that once administrated, nanoparticles can be coated with 
35 blood proteins, forming a protein corona, that directly impacts on nanomedicines’ 
36 circulation time, biodistribution, and therapeutic performance. Therefore, it become 
37 crucial to develop novel alternatives to improve nanoparticles’ half-life in the 
38 bloodstream. In this work, Polyethylenimine (PEI) and Red blood cells (RBC)-derived 
39 membranes were combined for the first time to functionalize AuMSS nanorods and 
40 simultaneously load acridine orange (AO). The obtained results revealed that the RBC-
41 derived membranes promoted the neutralization of the AuMSS’ surface charge and 
42 consequently improved the colloidal stability and biocompatibility of the nanocarriers. 
43 Indeed, the in vitro data revealed that PEI/RBC-derived membranes’ functionalization 
44 also improved the nanoparticles’ cellular internalization and was capable of mitigating 
45 the hemolytic effects of AuMSS and AuMSS/PEI nanorods. In turn, the combinatorial 
46 chemo-photothermal therapy mediated by AuMSS/PEI/RBC_AO nanorods was able to 
47 completely eliminate HeLa cells, contrasting with the less efficient standalone therapies. 
48 Such data reinforce the potential of AuMSS nanomaterials to act simultaneously as 
49 photothermal and chemotherapeutic agents. 
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100 1. Introduction

101 The development and application of nanomaterials in medical research created new 
102 opportunities for cancer therapy (Gavas et al., 2021). Particularly, researchers have been 
103 actively investigating nanomaterials that can combine multiple therapeutic approaches 
104 to minimize off-target side effects and enhance the anti-tumoral response, overcoming 
105 cancer cells’ resistance mechanisms (Al-Lazikani et al., 2012; Shrestha et al., 2019). The 
106 conjugation of chemotherapy with photothermal therapy (PTT) has rapidly grown as one 
107 of the most explored combinatorial therapeutic approaches for cancer (Khafaji et al., 
108 2019; Li et al., 2019). This combinatorial approach takes advantage of the nanomaterials’ 
109 capacity to improve drug solubility, protect drugs from premature degradation, and 
110 minimize drugs interaction with healthy tissues. The heat generated in response to 
111 external stimuli i.e., near-infrared light (NIR; 700-1100 nm), improves blood flow, which 
112 consequently increases the nanoparticles accumulation in tumor tissue and maximize 
113 the benefits of drug delivery systems (de Melo-Diogo et al., 2019; de Melo‐Diogo et al., 
114 2017; Khafaji et al., 2019; Nam et al., 2018). Moreover, this localized tumor hyperthermia 
115 can sensitize the cancer cells to other therapeutic modalities, such as chemotherapy, or 
116 induce cellular damage that ultimately leads to the cancer cells death (Fernandes et al., 
117 2020; Kang et al., 2020; Nam et al., 2018; Oei et al., 2015). 

118 Until now, several materials, such as those made of gold have been explored to mediate 
119 a photothermal effect (Alves et al., 2022; de Melo-Diogo et al., 2019; Gonçalves et al., 
120 2020). Among them, gold core silica shell (AuMSS) nanoparticles, particularly the rod-
121 shaped AuMSS nanoparticles, emerged as one of the most explored cancer 
122 nanomedicines, due to their tunable optical properties, effective light-heat conversion, 
123 and drug delivery potential (Kennedy et al., 2011; Moreira et al., 2018a; Moreira et al., 
124 2018b; Rodrigues et al., 2019a). This anisotropic gold core morphology confers to 
125 AuMSS nanomaterials' high absorption in the NIR region, which enables their application 
126 as photothermal agents. Moreover, AuMSS nanorods can also act as contrast agents in 
127 imaging modalities (e.g., computed tomography and magnetic resonance imaging) due 
128 to the gold core’ high mass attenuation (Dias et al., 2016; Luo et al., 2021; Moreira et al., 
129 2018a; Rodrigues et al., 2019a). Additionally, the silica shell presents a large surface 
130 area, which can be easily functionalized with different moieties, and a mesoporous 
131 structure that allows the encapsulation of several therapeutic molecules (Moreira et al., 
132 2018b; Rodrigues et al., 2021; Rodrigues et al., 2019a; Zhou et al., 2018). Overall, 
133 AuMSS nanorods can act as multifunctional nanomedicines with the potential to combine 
134 simultaneously their chemotherapeutic, PTT, and bioimaging capabilities. 



135 Nevertheless, despite several pre-clinical studies showing the capacity of nanomaterials 
136 to detect, deliver, and induce cancer cells’ death, their translation to clinical practice 
137 presents major obstacles (Rodrigues et al., 2022; Zhang et al., 2019). The administration 
138 of nanomedicines is generally performed through the intravenous route, and it is reported 
139 that less than 1% of nanoparticles’ administered dose reaches the tumor tissue (Wilhelm 
140 et al., 2016). Indeed, after administration, nanomedicines can be highly susceptible to 
141 the adsorption of plasma proteins on their surface. This phenomenon can induce several 
142 modifications in nanoparticles’ physicochemical properties, leading to increased immune 
143 recognition and accumulation in off-target tissues, which consequently reduces their 
144 blood retention and bioavailability (Corbo et al., 2016; Mahmoudi et al., 2016; Rodrigues 
145 et al., 2022). 

146 For years, the primary strategy to improve nanoparticles’ pharmacokinetic profile 
147 involved surface functionalization with hydrophilic polymers, such as polyethylene glycol 
148 (PEG) and poly-2-oxazolines, known for their anti-fouling properties and biocompatibility 
149 (Moreira et al., 2018b; Qi et al., 2019; Rodrigues et al., 2022; Sedlacek and 
150 Hoogenboom, 2020; Suk et al., 2016). However, different authors have described that 
151 multiple administrations of hydrophilic polymers, such as PEG, can elicit antibody 
152 responses and lead to an accelerated blood clearance phenomenon (Mima et al., 2015; 
153 Perry et al., 2012; Wang et al., 2019). With this in mind, biomimetic strategies based on 
154 cell-derived vesicles have gained huge attention to improve the nanomaterials’ biological 
155 performance (Rodrigues et al., 2022). These cell-derived vesicles, including those from 
156 red blood cells (RBC), platelets, cancer, and immune cells, inherit the characteristics of 
157 their source cells, such as biocompatibility, extended circulation time, and immune 
158 evasion, making them highly promising for developing more effective cancer therapies 
159 (Jin and Bhujwalla, 2020; Rodrigues et al., 2022). 

160 In this work, AuMSS nanorods functionalized with branched polyethylenimine (PEI) and 
161 red blood cells (RBC)-derived membranes, loaded with acridine orange (AO) were 
162 developed in order to be applied in cancer chemo-photothermal therapy. PEI is a cationic 
163 polymer that in acidic environments (e.g., tumor tissue) can be easily protonated 
164 promoting the nanomaterials' interaction with cells and enhancing the nanomaterials’ 
165 escape from lysosomes and/or endocytic vesicles (Rodrigues et al., 2019b; Vermeulen 
166 et al., 2018; Zakeri et al., 2018). On the other hand, RBC are nature’s long-circulating 
167 delivery vehicles that have inspired the design of synthetic drug delivery systems (Xia et 
168 al., 2019; Ye et al., 2019). The obtained RBC-derived membranes can preserve some of 
169 the original surface markers of the source cells, such as CD47, which acts as a “don’t 
170 eat me” marker and plays a significant role in reducing reticuloendothelial system (RES) 
171 uptake. Therefore, nanomaterials coated with RBC-derived membranes should be less 
172 susceptible to interaction with blood components, immune recognition, and premature 
173 clearance (Rodrigues et al., 2022; Xia et al., 2019). The functionalization of the AuMSS 
174 nanorods’ surface was achieved through the condensation of a PEI-silane derivative, 
175 followed by the adsorption onto RBC-derived membranes. The results revealed that 
176 RBC-derived membranes increased the nanoparticles' hemocompatibility and stability. 
177 Additionally, PEI/RBC-derived membrane functionalization improved nanoparticles’ 
178 cellular internalization and the combinatorial therapeutic effect toward cervical HeLa 
179 cancer cells.

180 2. Materials and Methods

181 2.1. Materials 

182 Primary normal human dermal fibroblast (FibH) cells and cervical carcinoma (HeLa) cells 
183 were acquired from Promocell (Heidelberg, Germany) and ATCC (Middlesex, UK), 
184 respectively. (1-Hexadecyl)trimethylammonium bromide (CTAB, purity 98%), 



185 Chloroauric acid (HAuCl4, purity 99.9% metal basis, Au 49%, Mw: 339.77 g/mol), and 3-
186 (triethoxysilyl)propyl isocyanate (TESPIC, purity 95%) were purchased from Alfa Aesar 
187 (Kandel, Germany). Hydrochloric acid (HCl), phosphoric acid, methanol, and coomassie 
188 brilliant blue G-250 were obtained from Fisher Scientific (Lisboa, Portugal). 
189 Tetraethylorthosilicate (TEOS, purity > 97%) and tetrahydrofuran (THF) were acquired 
190 from Acros Organics (Geel, Belgium), whereas acridine orange hydrochloride (AO) 
191 (purity > 98%) was obtained from Carbosynth (Berkshire, UK). PEI (Branched, Mw ~1250 
192 g/mol), silver nitrate (AgNO3), L-ascorbic acid, ethanol (EtOH, 33%, 95%, or 99.9% v/v), 
193 fluorescein 5-isothiocyanate (FITC), sodium borohydride (NaBH4), paraformaldehyde 
194 (PFA), Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 (DMEM-F12), 
195 Dulbecco's Modified Eagle medium-high glucose (DMEM-HG), resazurin, and trypsin 
196 were obtained from Sigma-Aldrich (Sintra, Portugal). Bovine Serum Albumin (BSA) was 
197 obtained from Amresco (Pennsylvania, EUA). Fetal bovine serum (FBS) was purchased 
198 from Biochrom AG (Berlin, Germany), and cell imaging plates were bought from Ibidi 
199 GmbH (Munich, Germany). Propidium iodide (PI), Calcein-AM, Hoechst 33342®, wheat 
200 germ agglutinin conjugate Alexa 594® (WGA-Alexa Fluor® 594), and cell culture t-flasks 
201 were obtained from Thermo Fisher Scientific (Porto, Portugal). The filtered and double-
202 deionized water used in all experimental procedures was obtained through a Milli-Q 
203 Advantage A10 Ultrapure Water Purification System (0.22 µm; 18.2 MΩ cm-1 at 25°C).

204 2.2. Methods

205 2.2.1. Synthesis of AuMSS nanorods 

206 Gold nanorods were produced through a two-step seed-mediated methodology as 
207 described in the literature (Dias et al., 2016; Moreira et al., 2018b). First, NaBH4 (0.01 
208 M) was added to a solution containing 5 mL of CTAB (0.20 M) and 5 mL of HAuCl4 
209 (0.0005 M) and left at 30°C for 6 h, to promote the formation of small gold nanospheres 
210 (seeds). After this time, the seeds solution was added to a “growth solution” containing 
211 200 mL of CTAB (0.2 M), 1.50 mL of HAuCl4 (0.05 M), 150 µL of AgNO3 (0.1 M), 1 mL 
212 of L-ascorbic acid (0.08 M), and left to react overnight at 30°C. Then, the obtained gold 
213 nanorods were recovered by centrifugation (12000 g, 20 min at 25°C) to allow the 
214 removal of CTAB in excess and resuspended in ultrapure water.

215 Afterward, the gold nanorods were coated with a mesoporous silica shell through Stöber 
216 method derivations (Dias et al., 2016; Gorelikov and Matsuura, 2008). Briefly, gold 
217 nanorods were added to a solution containing CTAB (0.01 M) and NaOH (0.1 M), and 
218 left under stirred for 30 min, at 40°C. Afterward, to promote the formation of mesoporous 
219 silica shell were added to the solution three injections of TEOS (0.03 mL, 20% v/v in 
220 methanol) with 30 min intervals, and left to react for 24 h. 

221 Then, the produced AuMSS nanorods were recovered by centrifugation (12000 g for 20 
222 min at 25°C) with posterior removal of the cytotoxic CTAB surfactant. For that purpose, 
223 AuMSS suffered several washing cycles (incubation and sonication) with an HCl solution 
224 (7.5% v/v in EtOH), followed by two washing steps with EtOH (99.9%) and ultrapure 
225 water. In all washing steps, AuMSS nanorods were recovered through centrifugation 
226 (18000 g, 20 min at 25°C) and stored at 4ºC. 

227 2.2.2. Synthesis of PEI derivative silane 

228 To promote the AuMSS surface functionalization with branched PEI, the cationic polymer 
229 was previously modified with TESPIC, as previously described by Rodrigues et al. 
230 (Rodrigues et al., 2021; Rodrigues et al., 2019b). For that purpose, the silane-modified 
231 PEI was produced through a hydrogen-transfer nucleophilic addition reaction between 
232 the amine groups of PEI and isocyanate groups of TESPIC. Briefly, PEI (0.2 mL) was 



233 dissolved in 60 mL of dried THF and left for 6 h under stirring and nitrogen atmosphere 
234 at room temperature. Then, TESPIC (0.1 mL) was added to the PEI solution and left to 
235 react for 24 h. Afterward, the THF was evaporated (Rotavap®R-215, Büchi, Switzerland) 
236 and the obtained silane-modified PEI was dialyzed and freeze-dried. Subsequently, 
237 Fourier transform infrared spectroscopy (FTIR) spectra were acquired to confirm the 
238 production of silane-modified PEI. 

239  2.2.3. Preparation of RBC-derived membranes

240 The whole blood was collected from adult mice and centrifuged (500 g, 5 min at 4°C) to 
241 remove the plasma. After that, the sample was resuspended with ≈30 mL of NaCl (150 
242 mM) until it reached the previous plasma level, followed by homogenization and 
243 centrifugation at the previous conditions, being this step was repeated 3 times. Then, the 
244 supernatant was removed, and the RBC were resuspended in 20 mL PBS (1X) at pH 
245 7.4. After centrifugation (800 g, 5 min at 4°C), the resulting washed RBC were 
246 resuspended in ≈20 mL ice-cold PBS (1X) and centrifuged (800 g, 5 min at 4°C), this 
247 step was repeated 3 times. Then, RBC were resuspended in 20 mL of ice-cold PBS 
248 (0.25X), vortexed, added to an ice bath for 20 min, and centrifuged (1000 g, 5 min at 
249 4°C) to promote the hemolysis through a hypotonic treatment. This procedure was 
250 repeated 2 times, as described in the literature (Gao et al., 2013; Ren et al., 2017). Then, 
251 several washing steps with 20 mL of ice-cold PBS (1X) were performed to guarantee the 
252 complete release and removal of hemoglobin and intracellular contents. Finally, the 
253 obtained RBC-derived membranes were resuspended in 5 mL of PBS (1X) and stored 
254 at 4ºC. 

255 2.2.4. AuMSS nanorods functionalization with silane-modified PEI and RBC-
256 derived membranes 

257 The surface modification of AuMSS nanorods was accomplished by the chemical linkage 
258 of the silane-modified PEI followed by the adsorption of RBC-derived membranes (Figure 
259 1). For that purpose, AuMSS nanorods (10 mg) were resuspended in EtOH (33% v/v in 
260 ultrapure water, pH 4) and sonicated for 10 min. Then, silane-modified PEI polymer was 
261 added in a proportion (m/m) of 1:2 to the nanorods solution and left under stirring for 24 
262 h. After this time, the produced AuMSS/PEI nanorods were recovered by centrifugation 
263 (6000 g, 20 min at 25°C) and washed several times with ultrapure water to remove the 
264 unlinked polymeric chains (Rodrigues et al., 2021; Rodrigues et al., 2019b). Afterward, 
265 the AuMSS/PEI nanorods were entrapped on RBC-derived membranes. To accomplish 
266 that, RBC-derived membranes were sonicated for 5 min in a test tube using an ultrasonic 
267 bath at a frequency of 50 kHz and a power of 220 W (Auxilab, Spain). Then, 500 μL (1 
268 mg/mL) of AuMSS/PEI nanoparticles were mixed with RBC-derived membranes 
269 prepared from 200 µL of whole blood, followed by sonication and vortex for 1 min. The 
270 obtained AuMSS/PEI/RBC nanoparticles were recovered by centrifugation (6000 g, 20 
271 min at 25°C) and washed with ultrapure water to remove the excess of RBC-derived 
272 membranes.  



273
274 Figure 1. Schematic representation of AuMSS nanorods synthesis and functionalization with 
275 branched PEI polymer and RBC-derived membranes. 

276 To produce AO loaded-AuMSS/PEI/RBC nanorods, AuMSS/PEI nanorods were 
277 resuspended in an AO solution (40 µg/mL in methanol), sonicated and then mixed with 
278 RBC-derived membranes, as previously described (Moreira et al., 2018b; Rodrigues et 
279 al., 2021). Then, AMSS/PEI/RBC_AO were recovered by centrifugation (18000 g, 20 min 
280 at 4°C), and the obtained supernatant was used to determine the concentration of AO 
281 loaded on AuMSS/PEI/RBC nanorods. Thus, the encapsulation efficiency (E.E) of AO 
282 was calculated by measuring the supernatant absorbance at 489 nm using an AO 
283 calibration curve (ABS=0.1981[AO]-0.0033; R2=0.999) (Thermo Scientific Evolution 201 
284 Bio UV-vis Spectrophotometer, Thermo Fisher Scientific Inc., USA). 

285 E.E (%) = 
(Initial AO weight-AO weight in the supernatant) 

Initial AO weight x100 (Equation 1)

286 2.2.5. Physicochemical properties’ characterization of AuMSS nanoformulations

287 AuMSS nanomaterials size and morphology were evaluated by Transmission electron 
288 microscopy (TEM; TECNAI G2 20 S-TWIN, EI Company, Amsterdam, The Netherlands). 
289 For that purpose, AuMSS nanoparticles were placed in formvar-coated copper grids and 
290 dried at room temperature. Then, TEM images were acquired at an accelerating voltage 
291 of 100 kV, and the AuMSS nanoformulations’ overall size, rod core size, and mesoporous 
292 silica shell thickness were determined through ImageJ software measurements (ImageJ 
293 2.0.0 NIH Image, USA), n=300. The successful production of AuMSS/PEI/RBC 
294 nanomaterials was confirmed through FTIR (4 cm−1 spectral resolution, from 600 to 4000 
295 nm) using a Nicolet iS10 spectrometer (Thermo Scientific Inc. Massachusetts, USA). 
296 Additionally, the Energy-dispersive X-ray spectroscopic (EDX) analysis was performed 
297 to determine the elemental composition of the AuMSS nanoformulations and confirm 
298 their successful functionalization. For that purpose, AuMSS, AuMSS/PEI, and 
299 AuMSS/PEI/RBC nanorods samples were placed on aluminium stubs, air-dried at room 
300 temperature, and analyzed using an XFlash Detector 5010 (Bruker Nano, Germany), 
301 n=3. The AuMSS, AuMSS/PEI, and AuMSS/PEI/RBC nanomaterials’ surface charge 
302 was measured using a Zetasizer Nano ZS equipment (Malvern Instruments, 
303 Worcestershire, United Kingdom). Also, AuMSS/PEI and AuMSS/PEI/RBC nanorods’ 
304 preliminary stability studies were performed by monitoring zeta potential variations upon 
305 dispersion in phosphate-buffered saline (PBS; pH 5.6 or 7.4) for 26 h. Finally, the NIR 
306 light absorption capability of AuMSS and AuMSS/PEI/RBC nanomaterials was evaluated 



307 through the acquisition of their UV-Vis-NIR spectrum (Thermo Scientific Evolution™ 201, 
308 ThermoFisher Scientific Inc, USA). 

309 2.2.6. Evaluation of AuMSS nanoformulations' photothermal capacity 

310 The in vitro photothermal capacity of AuMSS and AuMSS/PEI/RBC was evaluated using 
311 a thermocouple sensor (accuracy of 0.1ºC), as previously reported in the literature (Dias 
312 et al., 2016; Moreira et al., 2018b). Briefly, the AuMSS and AuMSS/PEI/RBC 
313 nanoformulations (at 200 µg/mL in PBS) were placed in 96-well flat-bottom culture plates 
314 (200 μL of total volume) and irradiated with a NIR laser (808 nm, 1.7 W/cm2). Then, the 
315 temperature variations were registered from 1 to 10 min of irradiation. The temperature 
316 variation of a control group (PBS) without nanoparticles exposed to NIR laser was also 
317 monitored. Additionally, the photothermal conversion efficiency of both AuMSS and 
318 AuMSS/PEI/RBC nanorods was calculated as described in the literature (Gonçalves et 
319 al., 2022; Rodrigues et al., 2021). 

320 2.2.7. In vitro drug release 

321 The influence of pH and NIR laser irradiation on the AO release was evaluated as 
322 previously described in the literature (Rodrigues et al., 2021) (Moreira et al., 2020). For 
323 that purpose, AO-loaded AuMSS/PEI/RBC was resuspended in PBS at pH 5.6. or 7.4. 
324 and inserted in a Float-A-Lyzer dialysis bag. The dialysis was performed under magnetic 
325 stirring at 37ºC, for 48 h. Additionally, at 4 h of incubation, two groups were irradiated 
326 with NIR light (808 nm, 1.7 W/cm2, 5 min). At predetermined time points, samples were 
327 collected, the dialysis bags were replaced with fresh PBS, and the released AO was 
328 quantified by the UV-Vis methodology, as previously described.

329 2.2.8. Cytocompatibility and hemocompatibility assays

330 The cytocompatibility of AuMSS nanoformulations was assessed on HeLa and FibH 
331 through the resazurin assay (Moreira et al., 2014). For that purpose cells were seeded 
332 in 96-well flat-bottom culture plates (10000 cells/well, 100 μL of DMEM-HG or DMEM-
333 F12) and incubated in a humid atmosphere (37ºC, 5% CO2) for 48 h. Afterward, the 
334 culture medium was removed and the cells were incubated with different concentrations 
335 (25 to 200 μg/mL) of AuMSS and AuMSS/PEI/RBC nanomaterials. After 24, 48, or 72 h 
336 of incubation, the cell viability was determined using the resazurin assay. Briefly, the 
337 culture medium was removed and a fresh culture medium containing 10% (v/v) of 
338 resazurin (1 mg/mL) was incubated in the dark at 37ºC for 4 h. Then, the fluorescence 
339 was measured at an excitation/emission wavelength of λ = 560 nm and λ = 590 nm with 
340 a Spectramax Gemini XS microwell plate reader (Molecular Devices LCC, CA, USA). 
341 Cells only incubated with cell culture medium were used as negative control (K-), 
342 whereas cells incubated with EtOH (99.9%) were used as positive control (K+).

343 Hemolysis experiments were also performed to evaluate the hemocompatibility of 
344 AuMSS nanoformulations (Moreira et al., 2018b; Rodrigues et al., 2021). For that 
345 purpose, EDTA-stabilized blood samples were obtained from adult mice, and the RBC 
346 were recovered. Briefly, the whole blood was centrifuged (500 g, 4ºC for 5 min) and then 
347 washed 3 times with a solution of NaCl (150 mM) and PBS. Subsequently, RBC were 
348 diluted in PBS, distributed to the test tubes, and centrifuged (500 g, 4ºC for 5 min). 
349 Different concentrations (50, 100, and 200 µg/mL in PBS) of AuMSS, AuMSS/PEI, and 
350 AuMSS/PEI/RBC nanomaterials were added to the obtained RBC suspension and 
351 incubated at room temperature for 4 and 24 h. RBC only incubated with PBS or Triton 
352 X-100 were used as negative (K-) and positive controls (K+), respectively. Then, the 
353 samples were centrifuged using the previous conditions and 100 µL of the supernatant 



354 was transferred to a 96-well plate to quantify the hemoglobin absorbance (Abs) at 570 
355 nm. Finally, the percentage of hemolysis was calculated through the following equation: 

356 Hemolysis (%) = 
Sample Abs -   K- Abs 

K  Abs  -   K- Abs ×100  (Equation 2)

357 2.2.9. AuMSS nanoformulations’ cellular internalization 

358 The uptake of AuMSS nanoformulations by HeLa and FibH cells was also evaluated 
359 through fluorescence spectroscopy and confocal laser scanning microscopy (CLSM) 
360 (Moreira et al., 2018b; Rodrigues et al., 2021). To perform the fluorescence spectroscopy 
361 experiments, HeLa or FibH cells were seeded into 96-well flat-bottom culture plates 
362 (10000 cells/well, 100 μL of DMEM-HG or DMEM-F12) and incubated for 48 h in a humid 
363 atmosphere (37ºC, 5% CO2). After this period, the culture media was removed and 
364 replaced with FITC-stained AuMSS or AuMSS/PEI/RBC nanomaterials at a 
365 concentration of 200 μg/mL. After 4 h of incubation, cells were washed with ice-cold 
366 Krebs Ringer Buffer (KRB) and lysed with Triton X-100 (1% in KRB, 30 min at 37°C). 
367 Cells only incubated with KRB were used as a negative control. Then, the FITC 
368 fluorescence was quantified using a spectrofluorometer (Spectramax Gemini XS, 
369 Molecular Devices LLC, CA, USA) at an excitation/emission wavelength of λex = 490 nm 
370 and λem = 520 nm. 

371 Thereafter, CLSM images were acquired to confirm the nanoparticles' internalization 
372 capability by HeLa cells. To accomplish that, HeLa cells were seeded on μ-Slide 8 well 
373 Ibidi imaging plates (20000 cells/well, 200 μL of DMEM-HG) and incubated at 37°C. After 
374 24 h, the medium was removed and cells were incubated with FITC-stained AuMSS and 
375 AuMSS/PEI/RBC nanoparticles (200 μg/mL) for 4 h. Afterward, cells were washed with 
376 PBS, fixed with PFA (4% w/v) for 10 min and rinsed again with PBS. Posteriorly, cells 
377 were treated with WGA-Alexa Flour® 594 for 30 min for the cytoplasm staining, and 20 
378 min with Hoechst 33342® for the nucleus staining. CLSM experiments were performed 
379 on a confocal microscope (Zeiss LSM 710, Carl Zeiss SMT Inc., Jena, Germany) and 
380 the image analysis was performed in the Zeiss Zen 2012 software.

381 2.2.10. Evaluation of AuMSS nanoparticles in vitro therapeutic effect

382 2.2.10.1. AuMSS nanoparticles in vitro cytotoxic activity

383 The chemo-PTTcombinatorial effect of AuMSS/PEI/RBC nanomaterials was assessed 
384 on HeLa cells through the resazurin assay (Moreira et al., 2018b; Rodrigues et al., 2021). 
385 Briefly, HeLa cells were seeded in 96-well flat-bottom culture plates (10000 cells/well, 
386 100 μL of DMEM-HG) and incubated for 48 h. Then, AuMSS nanorods (100 and 200 
387 μg/mL) and AuMSS/PEI/RBC nanorods (100 and 200 μg/mL, with or without AO loaded) 
388 were incubated for 4 h. Afterward, cells were irradiated with a NIR laser (808 nm, 1.7 
389 W/cm2, for 5 min), and after 48 h of incubation, the cell viability was determined by 
390 resazurin assay, as described above. Cells cultured only with culture medium were used 
391 as negative control (K-), whereas cells incubated with EtOH (99.9%) were used as 
392 positive control (K+). Also, cells cultured only with culture medium and exposed to a NIR 
393 laser (808 nm, 1.7 W/cm2, for 5 min) were used as NIR control (K NIR). 

394 2.2.10.2. Live/dead assay 

395 To further confirm the in vitro cytotoxic effect of AuMSS nanomaterials, the combinatorial 
396 therapeutic effect of AuMSS/PEI/RBC nanorods was characterized through the live/dead 
397 assay (Invitrogen, Life Technologies, CA, USA) (Jacinto et al., 2020). To accomplish 
398 that, HeLa cells were seeded on μ-Slide 8 well Ibidi imaging plates (20000 cells/well, 200 



399 μL of DMEM-HG), and incubated at 37°C in a humid atmosphere (5% CO2). After 24 h, 
400 the culture medium was removed and cells were incubated with AuMSS nanorods (200 
401 μg/mL) and AuMSS/PEI/RBC nanorods (200 μg/mL, with or without AO loaded) for 4 h. 
402 After this period, cells were irradiation with a NIR laser (808 nm, 1.7 W/cm2) for 5 min. 
403 Subsequently, HeLa cells were stained simultaneously with Calcein AM and PI (for 15 
404 min) to allow the CLSM visualization of live and dead cells, respectively. The experiments 
405 were performed on a CLSM (Zeiss LSM 710) and the images were obtained in the Zeiss 
406 Zen 2012 software. 

407 2.2.11. Statistical analysis 

408 The obtained data are presented as the mean ± standard deviation (s.d.). The unpaired 
409 T-student test and one-way analysis of variance (ANOVA) (Student–Newman–Keuls 
410 post-test), were used to perform the statistical analysis of experiments with two groups 
411 and multiple group comparison, respectively. A p-value lower than 0.05 (p < 0.05) was 
412 considered statistically significant. Statistical analysis was performed using GraphPad 
413 Prism v.8.0 software (Trial version, GraphPad Software, CA, USA).

414 3. Results and Discussion 

415 3.1. Synthesis and characterization of AuMSS nanoparticles

416 The rod-shaped AuMSS nanoparticles were synthesized through a seed-mediated 
417 methodology. This synthesis comprises three steps: i) production of small spheres 
418 (seeds); ii) growth of the seeds in the presence of ascorbic acid and silver nitrate to form 
419 the rod-like gold nucleus; and iii) nanorods coating with mesoporous silica in the 
420 presence of TEOS and CTAB micelles, serving as pore template (Dias et al., 2016; 
421 Rodrigues et al., 2019a). TEM images (Figure 2A and B) were used to confirm the 
422 successful synthesis of the AuMSS nanorods, revealing the organization in a single gold 
423 nanorod core coated with a uniform and homogeneous silica shell. Moreover, ImageJ 
424 measurements also show that the gold core has a length and width of 46 ± 8 and 15 ± 3 
425 nm, respectively. These dimensions result in an aspect ratio (A.R.) of approximately 3.1, 
426 consistent with reported methodologies in the literature and within the 3 to 5 range, 
427 rendering it suitable for NIR-mediated PTT applications (Abadeer et al., 2014; Jacinto et 
428 al., 2020; Taylor et al., 2022; Wang et al., 2015). Additionally, the mesoporous silica shell 
429 presented a mean thickness of 21 ± 2 nm, resulting in a final AuMSS length and width of 
430 85 ± 8 and 61 ± 5 nm, respectively. Therefore, this size range allows the AuMSS 
431 nanorods to take advantage of the tumor vascular fenestra and consequently promote 
432 their passive accumulation in the tumor tissue (i.e., the enhanced permeability and 
433 retention effect) (de Melo‐Diogo et al., 2017; Rodrigues et al., 2020). 



434

435 Figure 2. Physicochemical characterization of AuMSS nanomaterials. (A) and (B) TEM images 
436 of AuMSS nanorods at different magnifications. (C) Size distribution of AuMSS nanorods, 
437 including length and width, n=300. (D) FTIR spectra of AuMSS nanoformulations, silane-modified 
438 PEI polymer, and RBC-derived membranes.

439 FTIR analysis of the AuMSS nanorods (Figure 2D) presents the three characteristic 
440 peaks of the mesoporous silica shell in the 1100–750 cm-1 region, corresponding to Si–
441 O, Si-OH, and Si–O–Si vibrations. Besides confirming the successful formation of the 
442 mesoporous silica coating, the FTIR spectrum also demonstrates the effective removal 
443 of the cytotoxic surfactant CTAB from the nanoparticles. Specifically, the two 
444 characteristic bands of CTAB at 2950–2850 cm−1 (C-H vibration) and at 1450-1500 cm−1 
445 (CH3-N+ deformation) are not observed in the AuMSS nanorods spectrum (Dias et al., 
446 2016; Su et al., 2015). 

447 After confirming the production of AuMSS nanorods, surface modification with PEI and 
448 RBC-derived vesicles was achieved by two different steps: i) functionalization with the 
449 silane-modified PEI polymer, followed by ii) modification with RBC-derived membranes 
450 (Figure 1). In the first approach, the silane-modified PEI was obtained by promoting the 
451 TESPIC linkage to the PEI backbone through a hydrogen-transfer nucleophilic addition 
452 reaction. Such promotes the reaction between the isocyanate groups of TESPIC and 
453 amine groups of PEI, as previously demonstrated by Rodrigues and co-workers 
454 (Rodrigues et al., 2021; Rodrigues et al., 2019b). Then, the silane-derivative of PEI was 
455 grafted on AuMSS nanorods’ surface through a condensation reaction (Rodrigues et al., 
456 2019b). Subsequently, to promote the final modification with RBC-derived vesicles, RBC 
457 were isolated from mouse whole blood. The recovered RBC were then hemolyzed 
458 through a hypotonic treatment and washed to obtain the RBC-derived membranes (Gao 
459 et al., 2013; Ren et al., 2017). Then, AuMSS/PEI nanorods were mixed with RBC-derived 



460 membranes sonicated, and vortexed to promote the reorganization of RBC-derived 
461 membranes, enclosing the AuMSS/PEI nanorods. This process is governed by the 
462 charge difference between AuMSS/PEI and RBC-derived membranes, leading to 
463 electrostatic interactions between the positively charged amine groups on PEI and the 
464 negatively charged groups of RBC-derived membranes. 

465 The modification of AuMSS with the silane-modified PEI and RBC-derived membranes 
466 was confirmed through FTIR analysis (Figure 2D). The post-synthesis grafting of the 
467 silane-modified PEI onto the AuMSS nanorods was confirmed by the presence of peaks 
468 in the 1700-1400 cm−1 and 3000-2885 cm−1 regions, corresponding to N-H deformation 
469 and C-H stretching vibrations of PEI, respectively (Rodrigues et al., 2021; Rodrigues et 
470 al., 2019b). Furthermore, in comparison to uncoated AuMSS nanorods, AuMSS/PEI 
471 nanorods present an attenuation of the Si-OH peak at 950 cm−1, indicating the grafting 
472 of the PEI-derivative through a condensation reaction (Moreira et al., 2018b; Rodrigues 
473 et al., 2021). The subsequent modification of nanoparticles with RBC-derived 
474 membranes resulted in the alteration of nanoparticles’ spectra in the 3000-3200 cm−1 
475 region, corresponding to the amide groups of the proteins present on RBC membranes. 
476 Also, the peaks on the 2830–2980 cm−1 region can be related to the RBC membranes' 
477 methyl and methylene hydrocarbon chains. Also, the attenuation of previous 
478 nanoparticles’ peaks on 1280–1020 cm−1 and 1000–940 cm−1 regions are related to the 
479 phosphate and choline bands, respectively, that are related to phosphate groups present 
480 on the RBC membranes (Bebesi et al., 2022; Blat et al., 2019; Mazur et al., 2020). 
481 Additionally, the AuMSS, AuMSS/PEI, and AuMSS/PEI/RBC nanorods composition was 
482 also characterized through EDX analysis (Table S1 and S2) to further confirm the 
483 AuMSS nanorods functionalization with PEI and RBC-derived membranes. When 
484 compared to the AuMSS, it was possible to observe the presence of a new element, the 
485 nitrogen (N), in both AuMSS/PEI and AuMSS/PEI/RBC nanoformulations, which is 
486 related to the amine groups of PEI chains. Moreover, phosphor (P) is only present in 
487 AuMSS/PEI/RBC nanorods, which can be explained by the phosphate groups present in 
488 RBC-derived membranes. Altogether, the EDX results further corroborate the successful 
489 functionalization of AuMSS nanorods with PEI and RBC-derived membranes. 

490 Further, the AuMSS nanorods functionalization was also confirmed by measuring the 
491 zeta potential of AuMSS nanoformulations (Figure 3A). The AuMSS nanorods have a 
492 negative surface charge of -26 ± 2 mV, attributed to the negative silanol groups on the 
493 mesoporous silica shell surface (Dias et al., 2016). On the other side, the AuMSS/PEI 
494 nanoparticles exhibited a highly positive surface charge of 42 ± 3 mV. This confirms the 
495 successful grafting of PEI on the AuMSS nanorods’ surface, as branched PEI is rich in 
496 protonatable amine groups, imparting a cationic nature to the nanoparticles (Rodrigues 
497 et al., 2021; Zakeri et al., 2018). The subsequent modification of nanoparticles with RBC-
498 derived membranes led to a decrease and neutralization of the nanoparticle's surface 
499 charge to -16 ± 2 mV, which is in agreement with the negative surface charge 
500 characteristic of RBC membranes (Ren et al., 2017). Comparing with AuMSS and 
501 AuMSS/PEI formulations, the surface charge value of AuMSS/PEI/RBC nanorods is 
502 closer to the range considered ideal for the nanomaterials’ circulation in the bloodstream 
503 (± 10 mV). This can minimize the interaction of nanoparticles with the RES and, 
504 consequently, enhance blood circulation time (de Melo‐Diogo et al., 2017; Rodrigues et 
505 al., 2020). Simultaneously, the stability of the PEI/RBC-derived membranes’ modification 
506 was also evaluated by studying the changes in the nanomaterials’ surface charge upon 
507 incubation in media at two different pH values, 7.4 (physiological conditions) and 5.6 
508 (tumor microenvironment) (Figure 3B). The obtained results show that the incubation of 
509 AuMSS/PEI nanomaterials at pH 7.4 over time promotes a slight decrease in the surface 
510 charge from 45 to 35 mV. Additionally, upon acidification of the media (pH reduced to 
511 5.6 between 24 h and 26 h), AuMSS/PEI nanoparticles exhibited an increase of the 
512 surface charge to 43 mV. In contrast, AuMSS/PEI/RBC nanomaterials maintained their 



513 surface charge during the 24 h of incubation at pH 7.4 and presented a surface increase 
514 from -15 to -10 mV after the acidification of the medium to pH 5.6 between 24 h and 26 
515 h of incubation. Therefore, these stability tests indicate that incubating nanoparticles in 
516 acidic pH led to the protonation of amine groups of PEI, and consequently to a slight 
517 increase in the surface charge of AuMSS/PEI and AuMSS/PEI/RBC nanoparticles. 
518 These results are in accordance with other reports where the nanoparticles 
519 functionalization with RBC-derived membranes results in the surface charge 
520 neutralization and stability for hours and/or days (Liu et al., 2018; Liu et al., 2023; Rao et 
521 al., 2015). For example, Ren et al. developed RBC-derived vesicle coated- albumin 
522 nanoparticles loaded with indocyanine green and perfluorocarbon for cancer 
523 photodynamic therapy. The authors observed that RBC-derived membranes inclusion 
524 resulted in a surface charge increase from -32 mV to -16 mV (Ren et al., 2017). Similarly, 
525 Wang et al. developed RBC-derived membranes to camouflage polypyrrole 
526 nanoparticles, reporting that RBC-derived membranes coating led to a reduction of 
527 nanoparticles surface charge from (-33 to -28 mV) with slight charge variations for 7 
528 days. Moreover, it is worth noticing that these data demonstrate the success and stability 
529 of the AuMSS functionalization with PEI/RBC-derived membranes (Wang et al., 2017). 

530

531 Figure 3. Characterization of nanoparticles’ surface charge and stability. (A) Surface charge of 
532 AuMSS, AuMSS/PEI, and AuMSS/PEI/RBC nanorods. (B) Analysis of surface charge variation in 
533 AuMSS/PEI and AuMSS/PEI/RBC nanorods when dispersed in media at pH 7.4 for 24 h followed 
534 by acidification to 5.6 for 2 hours. Data are presented as mean ± s.d., n=3.

535 To assess whether the AuMSS functionalization process had an impact on the proteins 
536 present in RBC-derived membranes, the Bradford method was used to quantify the 
537 overall protein content in the samples (please see the method description in the 
538 Supporting Information). For that purpose, the protein content of RBC-derived 
539 membranes before and after the coating of AuMSS/PEI nanorods was determined 
540 through the utilization of a BSA calibration curve. The obtained results show a similar 
541 protein content in the samples obtained from RBC-derived membranes and 
542 AuMSS/PEI/RBC nanorods, 0.158 ± 0.008 and 0.123 ± 0.019 mg/mL, respectively. Such 
543 indicates that the method used for the functionalization of AuMSS/PEI nanorods has a 
544 minimal impact on the protein present in the RBC-derived membranes, which could lead 
545 to the loss of the desired bioactive properties. 

546 Otherwise, during the functionalization with RBC-derived membranes, the encapsulation 
547 of AO, serving as a drug model, was also studied to further evaluate the potential of 
548 AuMSS/PEI/RBC nanorods to act as drug delivery agents for combinatorial chemo-
549 photothermal therapy of cancer. For that purpose, AuMSS/PEI nanorods were 
550 resuspended in an AO solution (40 µg/mL) and then sonicated. After that, the solution 
551 was mixed with RBC-derived membranes to produce the AuMSS/PEI/RBC_AO 
552 nanorods, as described above. The results obtained revealed that AuMSS/PEI/RBC 



553 nanorods could encapsulate AO, exhibiting an encapsulation efficiency of ≈40%, with 14 
554 µg of AO per mg of AuMSS/PEI. Despite the encapsulation efficiency be lower than that 
555 reported in the literature, it is worth noting that in this work was used a sonication method, 
556 which allows the simultaneous loading of AO and entrapment of the AuMSS nanorods, 
557 instead of more laborious impregnation methods described in previous studies (Moreira 
558 et al., 2018b; Rodrigues et al., 2021; Rodrigues et al., 2019b). For example, Rodrigues 
559 et al. reported the AO loading in AuMSS/PEI nanoparticles through an impregnation 
560 method, with an encapsulation efficiency of 70% with 21 µg of AO per mg of particles 
561 (Rodrigues et al., 2021). However, in another study, an identical impregnation method 
562 was used to encapsulate AO on AuMSS and PEG/4-methoxybenzamide functionalized 
563 AuMSS nanospheres, where the encapsulation efficiency only reached 48 and 53%, 
564 respectively (Guimaraes et al., 2021). 

565 3.2. In vitro evaluation AuMSS nanoparticles' photothermal potential and AO 
566 release profile.

567 The potential of AuMSS and AuMSS/PEI/RBC nanorods for being applied in 
568 photothermal therapy was initially evaluated by UV-vis-NIR spectroscopy (Figure 4B). 
569 The produced AuMSS and AuMSS/PEI/RBC nanorods exhibited two peaks, at ≈520 and 
570 ≈750 nm (within the NIR region), which correspond to the characteristic transverse and 
571 longitudinal plasmon resonances of gold nanorods, respectively (Shajari et al., 2017). 
572 Additionally, it was observed that PEI/RBC-derived membranes’ functionalization 
573 induced a slight red-shift in the absorption peaks by ≈10 nm. Moreover, the longitudinal 
574 absorption peak obtained for the AuMSS nanoformulations aligns with what is expected 
575 from the gold nanorods’ A.R. (3.1) and supports their application as NIR-triggered 
576 photothermal agents (Rodrigues et al., 2019a). 

577



578 Figure 4. Evaluation of AuMSS nanoparticles photothermal potential. (A) Schematic 
579 representation of the evaluation of AuMSS nanoformulations in vitro PTT capacity. (B) UV-vis 
580 spectra of AuMSS and AuMSS/PEI/RBC nanorods. (C) Temperature variation curves of AuMSS 
581 and AuMSS/PEI/RBC nanorods when resuspended in PBS pH 7.4, under 1 or 2 NIR laser 
582 irradiation cycles (808 nm, 1.7 W/cm2, 10 min). (D) Photothermal conversion efficiency of AuMSS 
583 and AuMSS/PEI/RBC nanorods. Data are presented as mean ± s.d., n=3.

584 Thereafter, the NIR light-to-heat conversion capacity of AuMSS nanoformulations was 
585 evaluated by measuring the temperature variation in response to NIR laser irradiation 
586 (Figure 4C). Both AuMSS nanoformulations mediated a ≈30°C temperature increase 
587 upon 10 min of NIR irradiation, resulting in photothermal conversion efficiencies of 72 
588 and 75% for AuMSS and AuMSS/PEI/RBC nanorods, respectively (Figure 4D). These 
589 values are in agreement with data available in the literature for similar AuMSS nanorods 
590 and gold nanorod cores (Gonçalves et al., 2022; Gong et al., 2021; Rodrigues et al., 
591 2021; Seo et al., 2022). Moreover, it is worth noticing that the AuMSS functionalization 
592 did not induce any significant changes in the AuMSS light-to-heat conversion capacity. 
593 Additionally, no significant differences in the registered temperatures were observed in 
594 the second irradiation cycle, demonstrating the photothermal stability of the gold nanorod 
595 core (Figure 4C). Altogether, these results demonstrate that both nanomaterials can 
596 induce localized hyperthermia (> 42ºC), highlighting the promising potential of AuMSS 
597 nanoformulations as PTT agents. Consequently, these AuMSS and AuMSS/PEI/RBC 
598 formulations hold the potential for mediating the cancer cells´ destruction or sensitizing 
599 them to the chemotherapeutics action, under NIR irradiation.

600 Finally, the release profile of AO from AuMSS/PEI/RBC nanorods was characterized at 
601 pH 5.6 (simulate the lysosomal compartments and tumor tissue) and pH 7.4 (simulate 
602 the physiological conditions), in the presence or absence of NIR laser irradiation. The 
603 obtained results (Figure S2) revealed that in the 48 h of the study, the AO presented a 
604 slightly faster release in acidic pH reaching a total of 53% of drug release at pH 5.6. In 
605 turn, the AuMSS/PEI/RBC group incubated at pH 7.4 presented a total drug release of 
606 42%. Furthermore, NIR irradiation (808 nm, 1.7 W/cm2, 5 min) of nanoparticles after 4 h 
607 of incubation further accelerated the drug release at both tested pH values. The AO 
608 release increased to 50 and 68% at pH 7.4 and 60 and 74% at pH 5.6, after 24 and 48 
609 h of incubation, respectively. These results can be explained by the heat generation and 
610 consequent increase in the temperature of the media, which can enhance the AO 
611 solubility and even induce the disruption/disorganization of the RBC-derived 
612 membranes’ coating, facilitating the AO release from AuMSS/PEI/RBC nanorods. 

613 Comparing these results with our previous reports with bare AuMSS nanorods, it was 
614 possible to observe that AuMSS/PEI/RBC nanorods induced a more sustained and 
615 controlled drug release, which is attributed to the additional barrier provided by the 
616 PEI/RBC functionalization. For example, Rodrigues et al, reported that bare AuMSS 
617 nanorods release 80% of the AO content when incubated at pH 7.4 and 5.6 for 48 h. In 
618 contrast, surface-modified AuMSS/PEI/HA nanorods promoted a slower AO release, 
619 with 42 and 49% of AO release at pH 7.4 and 5.6, respectively (Rodrigues et al., 2021). 
620 Altogether, the more controlled AO release presented a huge relevance, since it can 
621 prevent the premature and burst release of AO from the nanomaterial, and consequently 
622 minimize the drug off-target interactions during blood circulation. Furthermore, the 
623 enhanced release profile under NIR irradiation and pH 5.6 may improve the AO release 
624 from AuMSS/PEI/RBC nanoparticles in the tumor tissue and consequently improve the 
625 cancer chemo-PTT effect.   

626 3.3. Evaluation of nanoparticles’ biocompatibility

627 3.3.1. Characterization of nanoparticles’ cytocompatibility



628 The biocompatibility of AuMSS and AuMSS/PEI/RBC nanorods was assessed on HeLa 
629 and FibH cells. Test concentrations ranging from 25 to 200 μg/mL were incubated for 24, 
630 48, and 72 h with HeLa or FibH cells, and the cell viability was quantified through the 
631 resazurin assay. The results revealed that AuMSS and AuMSS/PEI/RBC nanoparticles, 
632 at concentrations up to 200 μg/mL, remained biocompatible for both cell lines, with cell 
633 viabilities close to 100% throughout the 72 h study period (Figure 5). These data are in 
634 agreement with the previous reports available in the literature, where AuMSS nanorods 
635 present good cytocompatibility within the concentration range of 25 to 200 μg/mL (Dias 
636 et al., 2016; Hu and Gao, 2011; Moreira et al., 2018b). Nevertheless, our previous work 
637 revealed that AuMSS functionalization with PEI induces a dose-dependent variation in 
638 cell viability, attributed to the high positive charge of PEI chains that induce the cells 
639 death (Rodrigues et al., 2019b). In turn, our data demonstrate that the final modification 
640 with RBC-derived membranes addresses the toxicity triggered by PEI, resulting in 
641 biocompatible nanomaterials. These results are in accordance with AuMSS/PEI/RBC 
642 surface charge (-16 mV), as well as with the literature reports for the biocompatibility of 
643 RBC-derived membranes and AuMSS nanoparticles’ functionalization with hydrophilic 
644 polymers (e.g., hyaluronic acid, d-α-Tocopheryl polyethylene glycol 1000 succinate 
645 (TPGS), poly-2-oxazolines) (Jacinto et al., 2020; Moreira et al., 2018b; Rodrigues et al., 
646 2021).

647
648 Figure 5 - Evaluation of AuMSS and AuMSS/PEI/RBC nanorods cytocompatibility in FibH and 
649 HeLa cells at 24, 48, and 72 h. Positive control (K+): cells treated with EtOH. Negative control (K-
650 ): cells without being incubated with nanoparticles.  Data are presented as mean ± s.d., n=5.

651 3.3.2. Nanoparticles’ hemocompatibility 

652 Hemocompatibility studies were conducted to further characterize the biosafety of 
653 AuMSS nanoformulations, upon incubation with RBC for 4 and 24 h (Figure 6). The 
654 obtained results show a dose dependent hemolytic effect for both AuMSS and 
655 AuMSS/PEI nanorods, with hemolysis increasing with concentration. In fact, the PEI 



656 functionalization further increased the hemolysis registered with the nanomaterials’ 
657 incubation, from 2.5% to 3.2% at 4 h and from 5% to 8.9% at 24 h of incubation, at a 
658 concentration of 200 μg/mL. These data are in agreement with the results previously 
659 attained for AuMSS nanorods functionalized with PEI and can be explained by the higher 
660 surface charge of AuMSS/PEI nanoparticles (> 40 mV), resulting in cell membrane’ 
661 destabilization and hemolysis (Rodrigues et al., 2021; Rodrigues et al., 2019b). For 
662 example, Rodrigues et al, developed AuMSS nanorods functionalized with PEI and HA, 
663 and was reported that PEI grafting on the AuMSS nanorods exacerbated the hemolysis 
664 at all time points and tested concentrations (Rodrigues et al., 2021). However, the 
665 posterior HA complexation was able to mask this effect and reduce the hemolysis to safe 
666 values. 

667
668 Figure 6 - Evaluation of AuMSS nanoformulations hemocompatibility. (A) Schematic 
669 representation of the methodology used to perfomed the hemocompatibility study. (B) Optical 
670 images of blood supernatants after 24 h of incubation with AuMSS, AuMSS/PEI, and 
671 AuMSS/PEI/RBC nanomaterials. (C) Analysis of RBC lysis upon incubation with different 
672 concentrations (50, 100, and 200 µg/mL) of AuMSS nanoformulations. RBC only incubated with 
673 PBS or Triton X-100 were used as negative (K-) and positive controls (K+), respectively.

674 Our data also demonstrate that RBC-derived membranes enhance the 
675 hemocompatibility of AuMSS nanorods, with ≈0% of hemolysis registered after 4 h of 
676 incubation, even for the highest concentration tested. Moreover, at 24 h of incubation, 
677 hemolysis values remained at ≈1% for all tested concentrations, demonstrating the non-
678 hemolytic nature of AuMSS/PEI/RBC nanorods. These results can be attributed to the 



679 neutralization of the surface charge to safer values, i.e., -16 mV, which reduces the 
680 nanoparticles’ interaction with blood cells. Overall, these results align with previous 
681 reports on AuMSS nanomedicines, as well as the biocompatibility of RBC-derived 
682 membranes and their reduced interaction with blood components (Jacinto et al., 2020; 
683 Liu et al., 2019; Reis et al., 2019; Xia et al., 2019). Additionally, these findings are 
684 consistent with guidelines established by international agencies for critically safe 
685 hemolytic ratios (ISO/TR 7406), moderate hemolytic materials if hemolysis between 2 
686 and 5% and hemolytic materials if hemolysis ≥ 5%.

687

688 3.4. Evaluation of AuMSS nanomaterials cellular internalization

689 The uptake of AuMSS and AuMSS/PEI/RBC nanorods by cancer cells was evaluated 
690 through fluorescence spectroscopy and CLSM to assess the nanoparticles’ capacity to 
691 overcome the final barrier to the delivery of therapeutics (Figure 7A). For that purpose, 
692 the uptake of FITC-stained AuMSS and AuMSS/PEI/RBC nanorods was evaluated and 
693 quantified by fluorescence spectroscopy after incubation for 4 h with HeLa or FibH 
694 (Figure 7B). The results demonstrated that FITC-stained AuMSS/PEI/RBC nanoparticles 
695 presented ≈2 times higher uptake in both cells lines than those treated with AuMSS 
696 nanorods. These results indicate that AuMSS surface charge neutralization (i.e., -26 mV 
697 to -16 mV after the PEI/RBC-derived membranes coating) can favor the nanoparticles' 
698 interaction with cell membranes and increase cellular uptake. Moreover, RBC-derived 
699 membranes are known for their camouflage effect, extending circulation time through the 
700 expression of CD47—a 'don't eat me' signal to immune cells. However, it is important to 
701 note that these membranes inherently lack the capacity for targeting cancer cells 
702 (Rodrigues et al., 2022; Xia et al., 2019). Such is in accordance with our data, with the 
703 AuMSS/PEI/RBC nanorods showing no preference between the healthy (FibH) and 
704 cancer cells (HeLa).  

705 Additionally, CLSM images (Figure 7C) show that all nanoformulations (identified with 
706 the white arrows) can be successfully internalized by HeLa cells. However, in these 
707 images, AuMSS/PEI/RBC nanoparticles exhibit a seemingly higher degree of cellular 
708 internalization in HeLa cells compared to the uncoated AuMSS nanorods. This also 
709 supports the understanding that the PEI/RBC-derived membranes can accelerate the 
710 internalization of AuMSS nanorods. This, in turn, facilitates drug release in the cell 
711 cytoplasm, preventing premature drug degradation and enhancing the therapeutic 
712 potential of the nanomedicines. 



713
714 Figure 7 - Evaluation of the AuMSS nanomaterials’ uptake by FibH and HeLa cells after 4 h of 
715 incubation. (A) Schematic representation of the uptake experiments of AuMSS nanomaterials. (B) 
716 Fluorescence spectroscopy analysis of the uptake of AuMSS and AuMSS/PEI/RBC nanorods by 
717 FibH and HeLa cells, normalized to the AuMSS nanorods-treated groups. Data are presented as 
718 mean ± s.d., (***p < 0.001), n=5. (C) CLSM images of the FITC-stained AuMSS nanoformulations’ 
719 uptake by HeLa cells, white arrows are pointing to the internalized nanoparticles. Scale bar = 50 
720 μm. Blue channel: Hoechst 33342® - stained cell nucleus; WGA-Alexa Fluor 594® - stained cell 
721 cytoplasm; Green channel: FITC - stained AuMSS nanoformulations. 

722 3.5. Evaluation of AuMSS nanomaterials’ therapeutic effect

723 After confirming the biocompatibility and internalization capability of the nanomaterials, 
724 the chemo-PTT anticancer potential of AuMSS/PEI/RBC_AO nanomaterials was 
725 evaluated using HeLa cells (Figure 8A). For that purpose, HeLa cells were incubated for 
726 48 h with different concentrations (100 and 200 µg/mL) of AuMSS, AuMSS/PEI/RBC, 
727 and AuMSS/PEI/RBC_AO nanorods, with or without NIR laser irradiation (808 nm, 1.7 
728 W/cm2, for 5 min). In Figure 8B, it can be observed that both AuMSS and 
729 AuMSS/PEI/RBC nanoformulations, in both single or combined therapies, mediate a 
730 dose-dependent decrease in HeLa cells’ viability. The single therapies mediated by the 



731 AuMSS/PEI/RBC nanorods, at a concentration of 100 µg/mL, reached cell viabilities of 
732 55% and 83% for single PTT and AO delivery, respectively. These therapeutic results 
733 further increased when a higher concentration (200 µg/mL) was used, reaching a final 
734 cellular viability of 9% and 63% for single PTT and AO delivery, respectively. In turn, the 
735 combinatorial therapy mediated by AuMSS/PEI/RBC nanorods resulted in a 59% and 
736 95% reduction in HeLa cells viability for the group treated with 100 and 200 µg/mL, 
737 respectively.

738
739 Figure 8- Evaluation of the therapeutic potential of AuMSS formulations in HeLa cancer cells. (A) 
740 Schematic representation of cytotoxic experiments with AuMSS nanomaterials under NIR laser 
741 irradiation (808 nm, 1.7 W/cm2, 5 min). (B) Analysis of AuMSS and AuMSS/PEI/RBC (100 and 
742 200 µg/mL) with or without AO encapsulation and NIR irradiation. Positive control (K+): cells 
743 treated with ethanol; Negative control (K-): cells without nanoparticles incubation; K NIR: cells 
744 without nanoparticles incubation and irradiated with NIR laser. Data are presented as mean ± s.d, 
745 (***p<0.001, ****p < 0.0001, n.s. non-significant), n= 5. 

746 The cellular death mediated by single PTT is consistent with the previous in vitro PTT 
747 experiments, wherein AuMSS nanoformulations induced a temperature increase of 
748 ≈30ºC. However, it was observed that AuMSS/PEI/RBC nanorods induced a slightly 
749 higher cellular death in single PTT at both tested concentrations, when compared with 
750 AuMSS nanorods (i.e., cell viability of 54% vs 61% at 100 µg/mL and 9% vs 17% at 200 
751 µg/mL). This difference can be attributed to the higher internalization of AuMSS/PEI/RBC 
752 nanorods compared to AuMSS nanorods. 

753

754 Finally, the therapeutic effect of AuMSS nanoformulations was further confirmed by the 
755 Live/Dead assay (Figure 9). The CLSM images show a zone with green fluorescence 
756 that corresponds to calcein-stained cells (live cells), whereas a zone with red 
757 fluorescence corresponds to dead cells stained with PI. The AuMSS, AuMSS/PEI/RBC, 
758 and AuMSS/PEI/RBC_AO treated with NIR groups exhibited a well-defined red region 
759 within the area irradiated by the NIR laser (identified with the white circles). This 
760 observation corroborates that AuMSS nanoformulations can be activated by NIR laser 
761 irradiation, inducing a localized cancer hyperthermia. Moreover, it is also possible to 
762 observe that AuMSS/PEI/RBC_AO nanorods W/ NIR (i.e., the combination of NIR laser 
763 irradiation and AO delivery) presented a higher area of PI-stained HeLa cells than 
764 AuMSS/PEI/RBC nanorods. In fact, the red zone slightly exceeds the area irradiated by 
765 the NIR laser, which can be attributed to the enhanced therapeutic effect of the PTT/AO 
766 delivery combination. Additionally, the AuMSS/PEI/RBC_AO nanorods W/O NIR (i.e., 



767 without NIR laser irradiation) presented a smaller red zone than those irradiated by NIR 
768 laser. This difference corresponds to HeLa cells death solely due to the single action of 
769 AO encapsulated in the nanoparticles. 

770 Altogether, the obtained results demonstrate that the therapeutic combination (i.e., AO 
771 delivery and photothermal effect) improved the therapeutic potential of AuMSS/PEI/RBC 
772 nanomaterials, leading to more than > 90% of HeLa cells death. These results are 
773 consistent with the nanoparticles' photothermal data, suggesting that they can directly 
774 induce the death of the HeLa cells and/or sensitize the cells for the action of AO. 
775 Moreover, these data are in accordance with reports in the literature, where the 
776 combination of PTT with drug delivery has been shown to enhance the cytotoxic effect 
777 of nanoparticles (Moreira et al., 2018b; Nam et al., 2018; Oei et al., 2015; Shrestha et 
778 al., 2019). Overall, our findings suggest that the functionalization with PEI/RBC-derived 
779 membranes can improve the biological performance of AuMSS and contribute to the 
780 effectiveness of the combinatorial treatment for cervical cancer. 



781
782 Figure 9 - CLSM analysis of the therapeutic potential of AuMSS nanomaterials in HeLa cancer 
783 cells. (A) Live/dead CLSM images depicting the cytotoxic activity of AuMSS, AuMSS/PEI/RBC, 
784 and AuMSS/PEI/RBC_AO nanorods at 200 µg/mL. White circles indicate the total area irradiated 
785 by the NIR laser (808 nm, 1.7 W/cm2, 5 min). W/O NIR: without NIR laser irradiation; W/ NIR with 
786 NIR laser irradiation. Green channel: Calcein-AM stained cells. Red channel: PI-stained cells; 
787 Scale bar = 500 μm.

788 4. Conclusion 

789 Nanomaterials-mediated PTT is emerging as a promising strategy for cancer treatment, 
790 either as a standalone or combinatorial cancer therapeutic approach. Among the 
791 different nanostructures that are able to mediate a photothermal effect, AuMSS nanorods 



792 have been widely explored for cancer therapy applications due to their unique 
793 physicochemical properties, that allow the simultaneous combination of PTT, drug 
794 delivery, and bioimaging. Despite the huge potential of nanomedicines to deliver cargo 
795 and mediate cancer cells death, it is reported that once administrated nanoparticles can 
796 be coated with blood proteins, forming a protein corona, that affects nanomedicines’ 
797 circulation time, biodistribution, and therapeutic performance. Therefore, it becomes 
798 urgent to develop novel alternatives to improve nanoparticles’ pharmacokinetics, starting 
799 with the blood circulation time. With that in mind, herein, RBC-derived membranes and 
800 PEI were combined for the first time to modify the AuMSS nanorods.

801 The results revealed that PEI/RBC-derived membranes’ functionalization improves 
802 nanoparticles’ stability, and biocompatibility, namely by decreasing the blood hemolysis 
803 to safe levels. Such results can be attributed to the neutralization of nanoparticles' 
804 surface charge, transitioning from -26 to -16 mV. Additionally, the modification with RBC-
805 derived membranes also improved the nanoparticles' cellular internalization. The 
806 PEI/RBC-derived membranes’ functionalization induced a more sustained AO release, 
807 which could be accelerated upon irradiation with an NIR laser. Moreover, the in vitro 
808 antitumoral studies revealed that the combinatorial treatment (i.e., PTT and AO delivery) 
809 mediated by AuMSS/PEI/RBC_AO nanorods improved the nanoparticles' therapeutic 
810 effect when compared with PTT and chemotherapy alone. Overall, the attained data 
811 confirm the successful AuMSS modification with PEI/RBC-derived membranes, which 
812 enhances the biocompatibility, and the potential for being applied as PTT and 
813 chemotherapeutic nanomedicines for the combinatorial treatment of cancer. Additionally, 
814 these results reinforce the multifunctional potential of AuMSS nanomedicines and 
815 encourage researchers to continue to explore novel surface modifications and 
816 PTT/chemo combinations to improve nanoparticles’ pharmacokinetic profile and 
817 therapeutic performance. Particularly, the combination of biomimetic coatings (e.g., RBC 
818 and cancer cells-derived membranes) with targeting moieties, materials responsive to 
819 different stimuli (e.g., pH, ROS), as well as, the simultaneous conjugation of chemo-PTT 
820 with other therapeutic modalities (e.g., immunotherapy), will improve AuMSS nanorods’ 
821 retention in the tumor tissue and create a safer and more effective cancer treatment, 
822 which consequently will accelerate their translation to the clinical practice.  
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