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Abstract 15 

Prostate-specific antigen (PSA) is a key biomarker for the early detection of prostate cancer 16 

recurrence following surgical treatment. In this study, we present a PSA-responsive, ap- 17 

tamer-based switchable aggregate system, namedAS2-US-AuNPs-Aggregate, composed 18 

of ultrasmall gold nanoparticles (US-AuNPs) linked by (partially) pairing oligomers that 19 

selectively disassemble in the presence of PSA. The system was optimized also using a 20 

previously developed in-silico routine, and is designed for enhanced detection capabili- 21 

ties and for supporting in vivo applicability. We measured the sizes of the nanosystems 22 

by dynamic light scattering (DLS), and their extinction spectra, also in presence of PSA in 23 

simple buffers, in the presence of DNaseI, and under blood-mimicking conditions (filtered 24 

plasma), obtaining a response down to 10 fM PSA in buffers and to 1 pM in filtered 25 

plasma. Our findings highlight the potential of aptamer-based nanoparticle aggregates as 26 

a basis for user-friendly diagnostic tools. Additionally, we discuss key optimization strat- 27 

egies to further advance their development for in-vivo diagnostic applications. 28 
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 30 

1. Introduction 31 

Prostate cancer (PCa) is the second most diagnosed cancer in men, with approxi- 32 

mately 1.4 million new cases per year [1]. One possible treatment for PCa is radical pros- 33 

tatectomy (RP), a surgical procedure involving the complete removal of prostate tissue. 34 

Following RP, the Prostate Specific Antigen (PSA) serum level is monitored over time to 35 

detect disease relapse. PSA is a secreted protein with a molecular weight of 33 kDa, ex- 36 

pressed in both normal and cancerous prostatic tissue, and should not be present in blood 37 

after total prostate resection. However, the presence of residual tumour margins after sur- 38 

gery can lead to a cancer relapse with a progressive increase in serum PSA level. A bio- 39 

chemical recurrence (BCR) occurs when PSA levels rise above 0.2 ng/ml (6 pM, the current 40 
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critical threshold) in two consecutive measurements, and this is highly indicative of tu- 41 

mour relapse. Using this threshold (defined also as nadir point [2]), approximately 23% of 42 

patients experience BCR within five years after surgery. 43 

The development of novel ultrasensitive PSA assays (USPSA), defined as assays with 44 

a limit of detection (LoD) below 1 pM [3], has significantly improved the ability to detect 45 

early rises in PSA levels. This advancement enables earlier BCR detection following RP, 46 

allowing for improved patient management. Furthermore, the introduction of USPSAs 47 

has led to the proposal of alternative nadir points, such as 300 fM (0.01 ng/ml) [4] and 150 48 

fM (0.02 ng/ml) [5]. However, USPSAs available in clinicals settings still have limitations, 49 

including the need for specialised laboratories, high costs, and lack of standardization 50 

across different platforms, leading to variability in the results. In parallel, the development 51 

of commercial point of care (PoC) PSA tests based on gold nanoparticles, such as Lateral 52 

Flow Assays (LFA)-based ones, has provided portable, easy-to-use, non-invasive assays 53 

that deliver rapid results. However, these tests suffer from a higher LoD range of 9 pM – 54 

3 nM [6]. 55 

In this context, there is a growing interest for the development of more sensitive as- 56 

says. An innovative nanoparticle-based strategy for diagnostic and prognostic applica- 57 

tions is based on an in vivo use of triggerable nanostructured systems with an ex vivo 58 

readout. These systems are injected in living organisms, and, upon recognition of a bi- 59 

omarker, they disassemble releasing renal-clearable reporters, which can be rapidly quan- 60 

tified in urine [7–16]. These systems typically exploit enzymatic biomarkers such as met- 61 

alloproteinases or β-glucuronidases, which are overexpressed in tumours. Although ap- 62 

tamers-based gold nanoparticles have been studied for imaging purposes [17], only one 63 

study applied the discussed rationale for the in-vivo detection of a protein biomarker ex- 64 

ploiting aptamers, using quantum dots (QDs) as the renal-clearable reporters for a direct 65 

colorimetric read out in urine [12]. This approach has proven highly effective in enabling 66 

earlier diagnoses with respect to traditional in vitro assays, due to an increased tumour 67 

environment accessibility and a longer retention. Various platforms have been explored 68 

for this purpose, including polymeric nanoparticles (NPs), fluorescent probes, and inor- 69 

ganic NPs. Among them, inorganic-NPs-based systems, particularly the ones using metal 70 

nanoparticles (MNPs), offers notable advantages. These systems can be designed as larger 71 

nanostructures (typically 100–200 nm) to exploit the enhanced permeability and retention 72 

(EPR) effect for accumulation in diseased tissues, which can be increased if they comprise 73 

some targeting element. Subsequently, they can release ultrasmall nanoparticles with a 74 

hydrodynamic diameter (HD) <6 nm, which are efficiently cleared through the kidneys 75 

via rapid renal excretion. 76 

In this study, we present an activatable aptamer-nanoparticle-based structure re- 77 

sponsive to PSA, named AS2-US-AuNPs-Aggregate, composed of aggregated ultrasmall 78 

gold nanoparticles (US-AuNPs) having a suitable size for renal clearance. This system is 79 

based on a switchable nucleotide architecture composed by two (partially) complemen- 80 

tary sequences attached to different US-AuNPs; upon hybridization, these architectures 81 

act as linkers amongst the US-AuNPs. One of the oligonucleotides incorporates an ap- 82 

tamer specific for PSA, according to the same design principles of a similar nanostructure 83 

previously developed by our group using bigger AuNPs [18,19]. Upon biomarker recog- 84 

nition, the system releases, or is disassembled into, single US-AuNPs. The nanostructure 85 

development was initiated by designing switchable sequences through an in-silico ap- 86 

proach. We then tested the disassembly of the produced AS2-US-AuNPs-Aggregates in 87 

the presence of different concentrations of PSA; the primary tool used to monitor in-vitro 88 

this disaggregation was Dynamic Light Scattering (DLS), which allows determining the 89 

decrease in the average size of the nanostructures in the solution. Moreover, since this 90 

work represents a preliminary study to assess the feasibility of in vivo applications of this 91 
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system, we evaluated the stability and the responsiveness of the AS2-US-AuNPs-Aggre- 92 

gate nanostructures in the presence of blood components. This step is crucial, as physio- 93 

logical fluids such as plasma contain biomolecules that may compromise the properties 94 

of the nanostructures. By investigating the behaviour of the system in these complex con- 95 

ditions, we aimed to evaluate its functionality in biologically relevant environments, thus 96 

providing key insights into its suitability for translational applications in real-time, non- 97 

invasive diagnostics. 98 

2. Materials and Methods 99 

2.1. Materials and Instrumentation. 100 

Nucleotidic and aptameric sequences were purchased from Metabion (Germany). 101 

The Native Human Prostate Specific Antigen (PSA) was obtained from Abcam (Cam- 102 

bridge, United Kingdom). Fluorophores used for ssDNA functionalisation were NHS- 103 

Rhodamine (5/6-carboxy-tetramethyl-rhodamine succinimidyl ester; Thermo Scientific™) 104 

and Atto580Q-NHS-ester (ATTO-TEC). DNaseI Solution used for nucleases stability ex- 105 

periments was purchased by Thermo Scientific™. Human Plasma was obtained from 106 

Biowest and Human Female Plasma from Aurogene. Chemicals used in this study were 107 

the following: Gold(III) chloride (HAuCl4) trihydrate, Sodium Borohydride, Tris(2-car- 108 

boxyethyl)phosphine hydrochloride (TCEP), 3,3′,5,5′-Tetramethylbenzidine (TMB), 109 

Horseradish Peroxidase- streptavidin (HRP-streptavidin), Phosphate Buffered Saline 110 

(PBS) and Bovine Serum Albumin (BSA),all from Sigma-Aldrich®. For the Enzyme-Linked 111 

Oligonucleotide Assay (ELONA) we used Corstar® 96 well assay flat bottom plates (Corn- 112 

ing), and colorimetric readings were performed with the Infinite ® PRO 200 (TECAN) in- 113 

strument. Fluorescence recovery analysis was performed with a Cary Eclipse Fluores- 114 

cence Spectrometer (Agilent). DLS, performed with a Zetasizer Nano ZS (Malvern Pana- 115 

lytical) and UV-Vis spectra, performed with a Cary 3500 UV-Vis spectrophotometer (Ag- 116 

ilent), were used for nanostructures characterisation. DLS was set with water as the sol- 117 

vent and gold as the material of the nanoparticles. DLS for Zeta potential measurements 118 

were set in automatic mode. All measurements were done with a backscatter measure- 119 

ment angle 𝛉𝛉=137°. 120 

2.2. Enzyme-linked Oligonucleotide Assay (ELONA). 121 

The aPSA [20], AS2 [21] and As2-tail sequences (see Supplementary Table S1) were 122 

tested with ELONA. A 96-well Assay plate was incubated with 250 ng of PSA (diluted in 123 

100 µl of 0.1 M NaHCO3 pH 9.6 buffer) at 37 °C for one hour with agitation. Then, the PSA 124 

solution was removed, and, without additional washing, the well was incubated for 2 125 

hours at room temperature with 200 µl of Blocking Solution (BSA 3% + 100 nM of an 126 

equimolar mixture of the coating ssDNA sequences hlyQF, hlyQR, L23SQF, L23SQR) [22]. 127 

After removal of the Blocking Solution, 100 µl of solutions containing the biotinylated- 128 

sequences were added without additional washing. The folded biotinylated-sequences 129 

(aPSA-biotin; AS2tail-biotin and annealed AS2tail-biotin:RevAS2) were prepared in 1:2 130 

serial dilutions in PBS buffer supplemented with 5 mM MgCl2, ranging from 500 nM to 131 

3.9 nM plus a blank control (without DNA). Each condition was prepared in triplicate, for 132 

a total of 24 wells per sequence, and the plate was incubated for 1 hour at 37 °C with gentle 133 

shaking. The solution was then removed and the wells were washed once with 200 µl of 134 

Washing Solution (PBS Tween-20 0.05% (v/v)). Next, 100 µl of the enzyme conjugation 135 

solution (HRP-streptavidin diluted 1:20,000 in PBS BSA 1%) were added and incubated 136 

for 1 hour with gentle shaking at room temperature. The enzyme-conjugation solution 137 

was removed, and washed six times with 200 µl of Washing Solution. Then, 100 µl of TMB 138 
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solution were added, the plate was incubated from 3 to 20 minutes, until the solution de- 139 

veloped a visible blue colour, at which point 100 µl of TMB stop solution (0.16M sulphuric 140 

acid) were added. A multichannel pipette was used to dispense and remove the solutions 141 

with minimal time delay. Absorbance values were read at 450 nm using the Infinite ® PRO 142 

200 plate reader (TECAN), and the response curve was generated after applying blank 143 

subtraction (samples without aptamer). 144 

2.3. Switchable nucleotide-sequences Development. 145 

The in silico protocol applied to investigate the interaction of the AS2 aptamer and 146 

PSA was developed and described in a previous work [19]. This protocol was used to 147 

predict which nucleotides of the aptamer contact PSA and to estimate their respective en- 148 

ergy contributions to the binding interaction. Briefly, after obtaining the 3D structure of 149 

the aptamer, we performed a flexible docking interaction and post-docking analysis be- 150 

tween the aptamer and the target protein. The crystallographic structure of the PSA pro- 151 

tein used for the simulation corresponds to the Protein Data Bank (PDB) code 2ZCK. 152 

The NUPACK online tool (NUPACK3 version [23]) was used to predict the second- 153 

ary folding and thermal stability of coupled sequences (duplexes) [24,25]. Thermal stabil- 154 

ity was calculated between 30 and 70 °C using a saline concentration of 150 mM of NaCl 155 

and 25 mM of Mg++. In silico melting temperatures (Tm) of the complexes were estimated 156 

using a concentration for each oligonucleotide of 100 nM: Tm was considered as the tem- 157 

perature at which the concentration of the duplexes lowered to 50 nM. Experimental melt- 158 

ing temperatures of produced coupled oligonucleotides (AS2-tail:RevAS2 and AS2tail- 159 

ctrl:RevAS2-ctrl, see Supplementary Table S1) were measured by performing absorbance 160 

reading at 260 nm. Firstly, sequences were annealed in Annealing Buffer (50 mM Tris- 161 

HCl, pH 7.5, 150 mM NaCl, 25 mM MgCl2) at a concentration of 100 nM for both coupling 162 

oligonucleotides with the following thermal steps: 2 minutes at 95 °C and then the solution 163 

was cooled down at 12 °C with a temperature ramp of −2 °C/min. For melting curve re- 164 

cording, absorbance values of the annealed DNAs solutions were recorded at 260 nm from 165 

25 to 75 °C, with temperature steps of 1 °C and with a temperature rate of +2 °C/min. For 166 

in vitro analysis, melting temperature of the annealed sequences was determined as the 167 

one at the maximum value of the first derivative of the absorbance (A) with respect to the 168 

temperature (T) of the recorded melting curve (dA/dT). 169 

2.4. US-AuNPs synthesis and Functionalisation. 170 

US-AuNPs were synthetized following a protocol for obtaining 2-nm diameter nano- 171 

particles [26], and characterised for size (DLS) and plasmonic properties (absorbance read- 172 

ing). Briefly, 375 µl of a 4% HAuCl4 solution and 500 µl of 0.2 M K2CO3 were added to 100 173 

mL of cold Millipore water, while stirring. Then, five 1 mL aliquots of 0.5 mg/ml sodium 174 

borohydride (NaBH4) solution were added to the reaction solution while rapidly stirring. 175 

US-AuNPs concentration was calculated using a molar extinction coefficient of 6.5 × 105 176 

cm−1 M−1 at a wavelength of 510 nm [27]. US-AuNPs were decorated with thiolated se- 177 

quences (i.e., sequences modified by C3-SS or C6-SS thiol modifier) reduced by incubation 178 

of 30 µl of oligonucleotide solution (100 µM) with 3 µl of 100 mM TCEP and 2 µl of Acetate 179 

Buffer 100 mM pH 5.2 for 1 hour at room temperature. Reduced sequences were purified 180 

with Amicon spin 3 KDa filters and quantified by absorbance reading at 260 nm. For US- 181 

AuNPs functionalisation, 1 nanomole of reduced ssDNA was incubated with 100 µl of the 182 

US-AuNPs solution with shaking overnight at room temperature. The day after, 500 mM 183 

Tris-acetate (pH 8.2) buffer and 1M NaCl were gently added dropwise to each vial to ob- 184 

tain a final Tris-acetate concentration of 5 mM and NaCl final concentration of 300 mM. 185 

The reaction vials were stored with shaking for one additional night. ssDNA decorated 186 
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US-AuNPs (ssDNA-US-AuNPs) were purified with Amicon 100 KDa Filters and sus- 187 

pended in 300 mM NaCl, 25 mM Tris acetate, pH 8. 188 

The ssDNA/particle ratio was estimated with UV-Vis measurements: the concentra- 189 

tion of the US-AuNPs was obtained by the absorbance at 510 nm considering an extinction 190 

coefficient of 6.5 × 105 cm−1 M−1 [27]; the concentration of the ssDNA was determined con- 191 

sidering the absorbance of the ssDNA-US-AuNPs at 260 nm after subtracting the contri- 192 

bution of the US-AuNPs at such wavelength; this was calculated, knowing the US-AuNPs 193 

concentration, from the known extinction coefficient of the bare US-AuNPs at 260 nm, 194 

which can be determined by the ratio of the absorbance of a US-AuNPs sample at 260 nm 195 

and its concentration determined as described above. The obtained value was used to de- 196 

termine the oligonucleotides concentration of the sample by knowing the extinction coef- 197 

ficient of the oligonucleotides at 260 nm as specified by the manufacturer. Finally, the 198 

ssDNA/particle ratio was calculated by dividing the obtained ssDNA concentration by 199 

the US-AuNPs concentration. 200 

2.5. US-AuNPs-Aggregate Assembly and Characterisation. 201 

To prepare the AS2-US-AuNPs-Aggregate, equal volumes of two separately synthe- 202 

sized batches—RevAS2-US-AuNPs and AS2-tail-US-AuNPs—were mixed at a 1:1 ratio 203 

and stored at 4 °C overnight while stirring, and purified by centrifuging the solution at 204 

1000 xg for 2 minutes; the nanoparticle pellet was resuspended in 150 mM NaCl 5 mM 205 

Tris-acetate pH 8.2 buffer solution. The AS2ctrl-US-AuNPs-Aggregate was prepared us- 206 

ing the same protocol, mixing AS2-tail-ctrl-US-AuNPs with RevAS2-ctrl-US-AuNPs. DLS 207 

and UV-Vis spectroscopy were employed to characterize the size distribution and optical 208 

properties of both Aggregates. The plasmonic peaks of the Aggregates are determined by 209 

identifying the wavelengths at which the first derivative of the absorbance with respect to 210 

wavelength equals zero, after applying a five-point average smoothing. Thermal stability 211 

was assessed by monitoring the changes in hydrodynamic diameter at DLS across a tem- 212 

perature range of 30 °C to 75 °C. 213 

2.6. AS2-US-AuNPs-Aggregate PSA Response Characterisation in PBS. 214 

Stability and Kinetic analysis of the AS2-US-AuNPs-Aggregate in the presence or ab- 215 

sence of different concentrations of PSA was conducted for about 30 minutes at 37 °C us- 216 

ing DLS (set to perform 15 measurements in automatic mode). For these studies, the Ag- 217 

gregate was used at a final concentration corresponding to an absorbance (with 1-cm light 218 

path) of 0.02–0.03 at the plasmon peak. Control experiments were performed with the 219 

AS2ctrl-US-AuNPs-Aggregate under identical conditions. PSA was tested initially at 1 pM 220 

and 1 nM. DLS data were analyzed using the instrument software with the following set- 221 

tings: material set as gold (refractive index [RI] = 0.20; absorption = 3.320) and dispersant 222 

set as water (RI = 1.1330; viscosity = 0.6864). Data processing was carried out under the 223 

“general purpose” analysis mode, and the resulting size distributions were reported as 224 

provided by the software. Additionally, we further analysed the DLS provided correlo- 225 

grams as explained in the following. The correlogram characterizes the fluctuations of the 226 

intensity 𝑰𝑰(𝒕𝒕); in particular, its autocorrelation function 𝑮𝑮𝟐𝟐(𝝉𝝉) is defined as 𝑮𝑮𝟐𝟐(𝝉𝝉) = 227 

〈𝑰𝑰(𝒕𝒕)𝑰𝑰(𝒕𝒕 + 𝝉𝝉)〉, where the angled bracket indicates an average over time 𝒕𝒕. 𝑮𝑮𝟐𝟐(𝝉𝝉) can 228 

usually be written as 229 

𝑮𝑮𝟐𝟐(𝝉𝝉) = 𝑨𝑨(𝟏𝟏 + 𝑩𝑩|𝒈𝒈𝟏𝟏(𝝉𝝉)|𝟐𝟐), (1) 

where 𝒈𝒈𝟏𝟏(𝝉𝝉) is the normalized electric field autocorrelation function and A and B are pa- 230 

rameters which could depend on instrument and sample. If the colloid is not monodis- 231 

persed, 𝒈𝒈𝟏𝟏(𝝉𝝉) becomes a sum of several exponential decays or an integral representing a 232 
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continuous distribution of hydrodynamic diameters. The DLS software allows for export- 233 

ing a correlation coefficient derived from the 𝑮𝑮𝟐𝟐(𝝉𝝉) by subtracting the long lag-time back- 234 

ground 〈𝑰𝑰(𝒕𝒕)〉𝟐𝟐, assuming the intensity remains relatively constant during the measure- 235 

ment, and by applying a normalization. This correlation coefficient is proportional to 236 

|𝒈𝒈𝟏𝟏(𝝉𝝉)|𝟐𝟐. We fit this function with a squared multiexponential function 237 

|𝒈𝒈𝟏𝟏(𝝉𝝉)|𝟐𝟐 = �� 𝒄𝒄𝒊𝒊𝒆𝒆
−𝝉𝝉𝝉𝝉𝒊𝒊

𝑵𝑵

𝒊𝒊=𝟏𝟏
�
𝟐𝟐

; (2) 

the number of components 𝑵𝑵 was set to 2 or 3, with constraints sometimes imposed on 238 

possible ranges of 𝝉𝝉𝒊𝒊. Each 𝝉𝝉𝒊𝒊 corresponds to a hydrodynamic diameter given by 239 

𝒅𝒅𝒊𝒊 =
𝟏𝟏𝟏𝟏𝝅𝝅𝝅𝝅𝝅𝝅𝒏𝒏𝟐𝟐(𝐬𝐬𝐬𝐬𝐬𝐬(𝜽𝜽 𝟐𝟐⁄ ))𝟐𝟐𝝉𝝉𝒊𝒊

𝟑𝟑𝜼𝜼𝝀𝝀𝟐𝟐
≈ 𝟎𝟎.𝟒𝟒𝟒𝟒𝟒𝟒 𝝉𝝉𝒊𝒊(µs) nm (3) 

in our setup (𝑻𝑻 is the temperature, 𝒌𝒌 the Boltzmann constant, 𝒏𝒏 the refraction in- 240 

dex and 𝜼𝜼 the viscosity of the medium, and 𝜽𝜽=137° as already specified). For the exper- 241 

iment on AS2-US-AuNPs-Aggregates incubated with PSA, the fitting constraints were: τ1: 242 

0–250 µs (corresponding to d1 ≤ 116 nm); τ2: 250–700 µs (d2 in the 116–325 nm range) and 243 

τ3: >1 ms (d3 > 464 nm). The AS2-US-AuNPs-Aggregate was then tested by incubating it 244 

with PSA in a concentration range between 1 fM to 100 nM. The AS2-US-AuNPs-Aggre- 245 

gate was also incubated with BSA at a concentration range from 1 fM to 500 µM. The 246 

AS2ctrl-US-AuNPs-Aggregate was incubated in the same conditions. These tests were 247 

performed at a temperature of 37 °C. If not otherwise stated, measurements were taken 248 

15 minutes after the addition of PSA to the Aggregate suspension and recorded for about 249 

5 minutes. The number-weighted average size of the Aggregates was monitored by DLS 250 

measurements; we also measured the absorbance spectra. 251 

2.7. Stability of the AS2-US-AuNPs-Aggregate to DNaseI Activity. 252 

An AS2-US-AuNPs-Aggregate solution at a DNA final concentration of 200 nM was 253 

incubated with DNaseI at a concentration of 0.3 U/ml. DNA digestion was monitored for 254 

14 hours by measuring AS2-US-AuNPs-Aggregate size and count rate with DLS every 60 255 

minutes starting immediately after the addition of DNaseI. 256 

2.8. Effect of Plasma Nucleases on Annealed AS2-tail-Rhodamine:RevAS2-atto580Q Sequences 257 

analysed by Förster Resonant Energy Transfed (FRET). 258 

The aminated oligonucleotides AS2-tail-NH2 and RevAS2-NH2 (see Supplementary 259 

Table S1) were labelled respectively with NHS-Rhodamine and atto580Q-NHS-ester. La- 260 

belling reaction was performed overnight at room temperature in PBS 10x using a 10-fold 261 

molar excess of the fluorophore. The labelled ssDNAs were isolated by fraction collection 262 

in High-Performance Liquid Chromatography (HPLC) using a DNAPac™ PA100 263 

(Thermo Scientific™) column, and Tris HCl 20 mM pH 7.6 (eluent A) and Tris HCl 20 mM 264 

NaCl 1 M pH 7.6 (eluent B) as mobile phases with a gradient from 30% to 100% of B mobile 265 

phase in 20-minute run. Collected fractions were concentrated in MilliQ water using 266 

Amicon 3KDa filters, previously coated with BSA 1%. AS2-Rhodamine and RevAS2- 267 

atto580Q were annealed at equal molar ratios as described earlier. A solution of AS2-Rho- 268 

damine:RevAS2-atto580Q 20 nM was incubated with human plasma (Biowest, France) di- 269 

luted 1:8 at a temperature of 37 °C. Fluorescence measurements were taken at 15-minute 270 

intervals for 10–30 hours. The fluorometer was set with an excitation wavelength of 540 271 

nm with a slit aperture of 10 nm, and emission wavelengths between 550 and 750 nm with 272 

a slit aperture of 5 nm. The photomultiplier tube (PMT) voltage was maintained at 900 V 273 

throughout the measurements. Rhodamine fluorescence intensity was calculated as the 274 

area under the curve (AUC) of the emission spectrum after background subtraction (refer 275 
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to Supplementary Result S3) in the wavelength range 570 to 610 nm. For the stability of 276 

AS2-Rhodamine:RevAS2-Atto580Q towards DNaseI, a solution containing 200 nM of 277 

AS2-Rhodamine:RevAS2-Atto580Q was incubated with DNaseI 0.3 U/ml. Fluorescence 278 

measurements were conducted at 60-minute intervals over a 14-hour period and quanti- 279 

fied as before. Averages and integrals have been calculated using Microsoft Excel; fit of 280 

the backgrounds have been performed using OriginPro 9 (OriginLab Corporation, North- 281 

ampton MA, USA), calculation of additive and multiplicative constants for the back- 282 

ground (see Supplementary Result S3), background subtraction and integration of the 283 

spectra have been automatized using a home-made script in MATLAB R2017b. 284 

2.9. US-AuNPs-Aggregate Interaction with Filtered Human Plasma. 285 

Human female plasma (pooled; TCS Biosciences, United Kingdom) was processed as 286 

follows: plasma was first centrifuged at 3,000 xg for 30 minutes at 4 °C to remove cells and 287 

cellular debris. The resulting supernatant was centrifuged at 10,000 xg for 1 hour at 4 °C 288 

and the supernatant was filtered using SterilFlip® 0.22 µm filter to remove microvesicles. 289 

Then, the obtained liquid was centrifuged at 33,000 xg for 1 hour and 30 minutes at 4 °C 290 

to eliminate exosomes and larger plasma complexes. The obtained supernatant was finally 291 

filtered using an Amicon 100 kDa filter at 12,000 xg for 15 minutes, to remove large proteic 292 

and lipidic complexes. Plasma was characterised using DLS at every purification step. The 293 

stability and the response to PSA presence of the AS2-US-AuNPs-Aggregates in the pres- 294 

ence of plasma was evaluated incubating them at a concentration causing an optical den- 295 

sity of 0.1 at the plasmonic peak with the filtered plasma diluted 1:6 at 37 °C. The Aggre- 296 

gate stability was assessed over a 2-hour duration through DLS. The response to PSA was 297 

tested at PSA concentrations of 10 fM, 100 fM, 1 pM, and 10 pM. The reaction kinetics were 298 

monitored using DLS over a 20-minute interval. 299 

2.10. Statistical Tests. 300 

All data are reported as mean ± standard deviation (in Tables) or standard error (in 301 

Figures). All the data sets were analysed with t-test comparisons. Significance was at- 302 

tributed with a P value less than 0.05. Specifically, in figures significance is represented as 303 

follows: P<0.05 is *, P<0.01 is ** and P<0.001 is ***. A linear regression analysis 𝒚𝒚 = 𝒎𝒎𝒎𝒎 + 304 

𝒒𝒒 was performed for the behaviour of the averaged sizes and of the plasmon peak posi- 305 

tions as a function of the log10 of PSA concentrations expressed in fM. From the fit residu- 306 

als, an average standard deviation 𝝈𝝈𝒚𝒚 for the analysed quantity y (size or plasmon peak 307 

position) was estimated as: 308 

𝝈𝝈𝒚𝒚 = �
∑ (𝒚𝒚𝒊𝒊 − 𝒚𝒚�𝒊𝒊)2𝑁𝑁
𝒊𝒊=1

𝑑𝑑𝑑𝑑𝑑𝑑
, (4) 

where 𝒚𝒚𝒊𝒊 is the experimental value of y at the i-th values of PSA concentration, 𝒚𝒚�𝒊𝒊 is the 309 

corresponding value obtained by the fit, 𝑁𝑁 is the number of points in the fit, and 𝑑𝑑𝑑𝑑𝑑𝑑 = 310 

𝑁𝑁 − 2 is the number of degrees of freedom for the linear fit. A sort of limit of detection 311 

(LoD) parameter was estimated as: 312 

LoD = 103.3
𝝈𝝈𝒚𝒚
𝒎𝒎 . (5) 

3. Results 313 

3.1. PSA-binding Aptameric Sequences Design and Validation 314 

For the development of the US-AuNPs-Aggregate, we evaluated two previously 315 

published aptameric sequences, aPSA [20] and AS2 [21]. The binding ability and affinity 316 
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of these aptamers was assessed by direct ELONA [28] (Section S1,Figure S1). In our ex- 317 

periments, the aPSA aptamer didn’t exhibit any detectable binding response (Figure S1A). 318 

In contrast, the AS2 sequence demonstrated a significant binding starting at a concentra- 319 

tion of 250 nM (t-test, p < 0.05), confirming its binding ability under our experimental 320 

conditions, which included a temperature of 37 °C and physiological saline concentration 321 

(Figure S1B, black line; Section S1). Considering these results, we selected the AS2 aptamer 322 

for the development of the switchable nucleotidic architecture. This construct relies on 323 

two DNA sequences: AS2-tail, which includes the AS2 aptamer flanked by a tail of addi- 324 

tional bases, and RevAS2, which is complementary to a portion of AS2tail (as better ex- 325 

plained below), and is designed to be released upon PSA recognition (Figure 1A, Table 326 

S1). 327 

 328 

Figure 1. (A) Schematic of the PSA sensing reaction of the AS2-US-AuNPs-Aggregate. The AS2-US- 329 

AuNPs-Aggregate is composed by US-AuNPs (purple spheres; for simplicity, only two are shown 330 

here, but since there are more ssDNAs per US-AuNP, there are usually Aggregates composed of 331 

many US-AuNPs), decorated either with the partial complementary sequences RevAS2 or with the 332 

AS2-tail ssDNAs. The PSA interaction with the AS2 aptamer within the AS2-US-AuNPs-Aggregate 333 

triggers the release of RevAS2-US-AuNPs. (B) Docking model of the complex between the AS2 ap- 334 

tamer ssDNA and the PSA human protein, obtained by molecular dynamic simulations exploiting 335 

also various software including the HADDOCK webserver [19], and visualized using Visual Molec- 336 

ular Dynamics (VMD). (C) Potential energy contribution of each nucleotide in the AS2 sequence to 337 

the binding energy of the aptamer AS2 with the PSA protein. The standard deviation reflects the 338 

variability of these energy contributions over the course of a 4 ns simulation. (D,E) Most probable 339 

secondary folding of the AS2 aptamer (D) and of the AS2-tail:RevAS2 duplex (E) obtained with the 340 

NUPACK online tool. The colors code for the probability of base pairing at equilibrium (i.e., the 341 

probability of the corresponding base pair forming) according to the color scale bar reported on the 342 

right. The simulation was performed with NUPACK online tool at the following conditions: DNA 343 

concentration 100 nM, Temperature 37 °C, NaCl concentration 0.15 M and Mg2+ concentration 0.025 344 

M. 345 

In order to achieve this, the design of RevAS2 is critical: in particular, the selection of 346 

the AS2 bases annealing to it is essential for enabling the switching mechanism. These 347 

specific AS2 nucleotides hybridizing with RevAS2 (referred to as “trigger nucleotides”) 348 
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should interact with PSA with an energy high enough to support the triggering of the 349 

system activation, but should not be part of the highest-affinity binding domains. In this 350 

way, these high-affinity regions can start the recognition of PSA, bringing also the trigger 351 

nucleotides into close proximity to the domain of the protein where they bind. This spatial 352 

arrangement should facilitate the complete aptamer engagement with PSA, thereby in- 353 

ducing the de-hybridization of the duplex structure. However, identifying experimentally 354 

the most effective trigger nucleotides can be labour-intensive. To streamline this, we ana- 355 

lysed the molecular interactions between the AS2 aptamer and PSA using a previously 356 

developed molecular docking approach [19]. As shown in Figure 1B, the energy contribu- 357 

tions of individual nucleotides calculated from the docking results (Figure 1C) revealed a 358 

key interaction domain spanning bases 17 to 24, part of a stem-loop structure spanning 359 

bases 17–30 (see the secondary structure prediction in Figure 1D). Additional interactions 360 

derive from nucleotides 11 to 15, which form another part of a prominent stem-loop struc- 361 

ture spanning bases 4–14 at the 5’ terminus (Figure 1D), and from the 3’ end, between 362 

bases 31 to 39, in a region that is unstructured in the free aptamer. Based on these findings, 363 

RevAS2 was designed to hybridize this last region, in particular with nucleotides 32–40 at 364 

the 3’ terminus of the AS2 aptamer. Comparative secondary structure predictions at 37 °C 365 

for the unmodified AS2 aptamer and the AS2-tail:RevAS2 duplex (Figures 1D and 1E) 366 

suggested the maintenance of the aptamer native folding, which is essential for PSA bind- 367 

ing. A control duplex (AS2ctrl:RevAS2ctrl) was designed using a scrambled sequence for 368 

the aptamer (Figures S2A and S2B). The full list of sequences used in this study is provided 369 

in Table S1. 370 

Since the sensing reaction is designed to work at body temperature (37 °C), we as- 371 

sessed the thermal stability of the AS2-tail:RevAS2 and AS2-tail-ctrl:RevAS2-ctrl du- 372 

plexes. Melting temperatures (Tm) were calculated during the duplex design stage using 373 

NUPACK simulations, which predicted a Tm of 56 °C for the AS2-tail:RevAS2 duplex and 374 

53 °C for the AS2-tail-ctrl:RevAS2-ctrl duplex (Figure 2A, Table S2). To estimate the sta- 375 

bility of AS2-tail:RevAS2 upon PSA binding, we predicted the melting curve for a Re- 376 

vAS2-short strand, obtained from RevAS2 removing the nucleotides complementary to 377 

the aptamer, hybridized with the complete AS2-tail. This resulted in no duplex formation 378 

within the considered temperature range, suggesting that the duplex would not remain 379 

stable upon PSA binding (Figure 2A, green dotted line). Experimentally measured Tm 380 

were 52 °C for the AS2-tail:RevAS2 duplex and 53 °C for AS2ctrl:RevAS2ctrl (Figure 2B, 381 

Table S2), consistently with the simulated values. 382 

The affinity of the AS2-tail:RevAS2 duplex for PSA was confirmed by ELONA, ob- 383 

taining a significant signal starting from a dsDNA concentration of 250 nM (t-test, p < 384 

0.05). These findings demonstrate that AS2 retains its binding capability when incorpo- 385 

rated into the duplex structure, maintaining comparable affinity to the native aptamer 386 

sequence under physiological conditions (Figure S1B, Supplementary Result S1). 387 
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 388 

Figure 2. Melting curves of AS2-tail:RevAS2 and AS2-tail-crtl:RevAS2-ctrl annealed sequences de- 389 

termined in silico with NUPACK (A, with also the results for AS2-tail mixed with RevAS2-short, 390 

i.e., the RevAS2 lacking the nucleotides that should interact with PSA) and in vitro by absorbance 391 

measurements (B). In (B), absorbance is normalized between 0 and 1 at the lowest and highest meas- 392 

ured temperatures. 393 

3.2. Ultrasmall-AuNPs Functionalisation and Characterisation 394 

US-AuNPs, synthetized as explained in the experimental section, were characterised 395 

for both size and zeta-potential by DLS (Table S3), and for plasmonic properties by ab- 396 

sorbance reading (Figure 3A, B, C and Table S3). The obtained US-AuNPs showed an hy- 397 

drodynamic diameter with a number-weighted average size of 4.6±0.2 nm, a plasmonic 398 

peak at 508.0±1.0 nm, consistent with the expected nanoparticle size [27] (Figure 3A, red 399 

line), and a zeta-potential of −11.5±1.3 mV (measurements are in triplicate and derived 400 

from a single batch preparation of nanoparticles, uncertainty is the standard deviation). 401 

The plasmon peak position of the naked US-AuNPs was evaluated 24 hours post-synthe- 402 

sis, revealing a slight redshift, an indication of an increased size thus of a colloidal insta- 403 

bility (Figure S3). This increase in size is supported by an increase in the measured inten- 404 

sity-weighted average of the diameters, from 7.4±0.3 nm to 9.3±1.0 nm (although the num- 405 

ber-weighted average diameter remained consistent, from 4.5±0.6 to 4.5±0.2 nm). Even if 406 

the effect was small, these results suggest that naked US-AuNPs tend to aggregate into 407 

larger NPs and highlight the necessity for immediate functionalization after preparation. 408 

Accordingly, in the following syntheses we immediately functionalised the US-AuNPs 409 

with thiolated oligonucleotides (AS2-tail-thio, RevAS2-thio, AS2-tail-ctrl-thio and Re- 410 

vAS2-ctrl-thio, see Table S1). AS2-tail-, RevAS2-, AS2-tail-ctrl-, and RevAS2-ctrl- US- 411 

AuNPs refer to gold nanoparticles functionalized with the respective DNA sequences. 412 

ssDNA-US-AuNPs were characterized for size and plasmonic peak before and after the 413 

last purification step, revealing no changes in their properties (Figure 3A), and this also 414 

supports the absence of aggregation. The obtained ssDNA-US-AuNPs showed an in- 415 

creased hydrodynamic radius (11.9±0.4 nm for AS2-tail-US-AuNPs and 7.7±0.4 for Re- 416 

vAS2-US-AuNPs), a plasmonic peak shifted toward longer wavelengths (517.5±0.3 nm for 417 

As2-tail-US-AuNPs and 515.3±0.3 for RevAS2-US-Au-NPs), and a lower zeta-potential (- 418 

19.7±0.5 mV for AS2tail-US-AuNPs and −18.8±1.8 mV for RevAS2-US-AuNPs) compared 419 

to US-AuNPs. AS2ctrl-US-AuNPs and RevAS2ctrl-US-AuNPs exhibited the same trend 420 

(full characterisation data are reported in Table S3). The number of DNA molecules per 421 

nanoparticle was calculated by comparing the absorbance spectra of the US-AuNPs with 422 

those of the ssDNA-functionalized US-AuNPs (Figure 3B), as explained in the experi- 423 

mental section, obtaining an averaged estimated ssDNA/particle functionalisation ratio of 424 

8.1±2.9. 425 
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 426 

Figure 3. (A) Exemplary extinction spectra normalised at 1 at λ = 450 nm of US-AuNPs (red line) 427 

and of RevAS2-US-AuNPs before and after the last purification step (black dotted and green solid 428 

lines, respectively). (B) Full UV-Vis extinction spectra, normalised at 1 at λ = 450 nm, of non-func- 429 

tionalised (red line) and ssDNA-functionalised US-AuNPs (orange, pink, blue and dark cyan line, 430 

as better specified in the legend). (C) Representative extinction spectra normalised at λ = 450 nm, 431 

showing the plasmonic peak, of single non-functionalised AuNPs (black line), ssDNA-AuNPs (or- 432 

ange line) and AS2-US-AuNPs-Aggregates (dark cyan line); batches of AuNPs and RevAS2-US- 433 

AuNPs are different than in panel A. (D) Melting curves of the AS2-AuNPs-Aggregate (orange 434 

squared line) and of the control AS2-CTRL-AuNPs-Aggregate (black squared lines) as obtained 435 

from the DLS-measured number-weighted average size of the Aggregates, normalized at 1 at the 436 

lowest measured temperature. The measurement is reported as mean values of a triplicate (n = 3) 437 

and the error bars are standard errors. 438 

3.3. US-AuNPs-Aggregate Assembly and Characterisation 439 

The Aggregates were assembled as described in the experimental section. The result- 440 

ing number-averaged sizes of the Aggregates were 189 ± 35.3 nm for the AS2-US-AuNPs- 441 

Aggregate and 157.5 ± 31.6 nm for the AS2ctrl-US-AuNPs-Aggregate. The plasmonic peak 442 

fell at 526.5 ± 0.5 nm and 528.3 ± 0.5 nm, respectively (Table S3, Figure 3C). Even if the 443 

plasmonic shift was lower than the one expected for full gold NPs with the same diameter 444 

of the one measured by DLS, it was positive as expected for the increase in US-AuNPs- 445 

Aggregate size. In these Aggregates, nanoparticles are linked by an oligonucleotide se- 446 

quence of about 40 base pairs, resulting in an average interparticle distance of about 12 447 

nm. As previously reported in similar structures [19], this spacing leads to only partial 448 

plasmonic electromagnetic coupling between the US-AuNPs, and therefore to a reduced 449 

plasmonic shift. 450 

Thermal stability studies of the US-AuNPs-Aggregates demonstrated that the 451 

nanostructures remain stable at physiological temperature and undergo disassembly into 452 

individual US-AuNPs upon reaching temperatures a little higher than the Tm of the in- 453 

volved duplexes (Figure 3D and Table S2). These results are also in agreement with the 454 

fact that the Aggregates formation is driven by annealing-induced assembly of the DNA- 455 
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linked nanoparticle The slightly higher melting temperature of the US-AuNPs-Aggre- 456 

gates than the one of the dsDNA alone may be attributed to various factors that introduce 457 

complexity and influence the Tm when transitioning to DNA-linked nanoarchitectures, 458 

such as the DNA surface coverage, its high density on the surface, and the expected mul- 459 

tiple dsDNA-linkages between NPs [29]. 460 

3.4. AS2-US-AuNPs-Aggregate Response to PSA 461 

The kinetic behaviour of the AS2-US-AuNPs-Aggregates alone and upon PSA intro- 462 

duction are key factors in assessing their suitability for potential practical in vivo applica- 463 

tions. In the absence of PSA, the AS2-US-AuNPs-Aggregate and the AS2-Ctrl-US-AuNPs- 464 

Aggregate showed no significant size variation over time, as observed in DLS measure- 465 

ments, indicating stability over at least 30 minutes at 37 °C (Figures S4, S5B). Moreover, 466 

although no specific long-time stability analysis was performed, we observed that the ag- 467 

gregates remained functional for at least one week if stored at 4 °C. 468 

The AS2-US-AuNPs-Aggregate kinetic upon interaction with PSA was preliminary 469 

investigated by incubating it with PSA at 1 pM and 1 nM concentrations (Figure S4A). 470 

Notably, the number-weighted size distribution analysis proved more sensitive than the 471 

intensity-weighted size distribution analysis for detecting smaller particles in the sample 472 

(Figure S4A; cyan vs. violet dots in Figure S5); these smaller particles likely correspond to 473 

single nanoparticles or smaller aggregates released from the AS2-US-AuNPs-Aggregates. 474 

Smaller particles were observed by DLS at 15–20 minutes of incubation with PSA at 1 pM 475 

concentration, even if they were not always highlighted by the number-averaged size ei- 476 

ther (Figure S4A, S5C). This occurred more frequently at 1 nM PSA, starting after about 5 477 

minutes (Figure S4A, S5D). Despite the occasional bigger impact of larger particles after 478 

the Aggregate started to disassemble, these data indicate a concentration-dependent re- 479 

sponse. The AS2-Ctrl-US-AuNPs-Aggregate, under the same conditions, did not show 480 

distinct changes in size over the observed period (Figure S4B), confirming the specificity 481 

of the reaction. 482 

To gain deeper insights into the mechanism underlying Aggregates disassembly and, 483 

in particular, the irregular behaviour observed for the number-weighted size distribu- 484 

tions, we conducted a more in-depth analysis of the DLS data. Indeed, the accuracy of the 485 

fit provided by the DLS software can be affected by long-time decays in the autocorrela- 486 

tion function, due to sedimentation or movement of large Aggregates, dust particles or 487 

bubbles. These can introduce a background signal that affect data interpretation. To miti- 488 

gate this issue, we performed an additional regression analysis of an autocorrelation func- 489 

tion generated by the DLS software, by fitting it with simpler functions from whose pa- 490 

rameters we estimated one, two, or three sizes characterizing the size distribution of the 491 

nanostructures in the observed suspension (Fig S5A; refer to the experimental section for 492 

details). The results of this analysis did not contradict the previous results about stability 493 

and dose-response behaviour of the AS2-US-AuNPs-Aggregates. However, they helped 494 

visualizing better the appearance, 8–15 minutes upon PSA introduction, of at least two 495 

populations of scattering entities characterized by sizes d1, d2 (see Figures S5 C-D, and the 496 

Experimental Section for details). These observations are also supported by analysing the 497 

intensity-weighted distributions of sizes at different times after the introduction of differ- 498 

ent concentrations of PSA in the solution containing the AS2-US-AuNPs-Aggregates (Fig- 499 

ure S6), which revealed the appearance of a second peak with smaller hydrodynamic ra- 500 

dius 8/13 minutes after PSA addition (Figure S6B, S6C). Another, simpler way to highlight 501 

and quantify this trend was to consider the time average (and standard error) of the DLS 502 

number-weighted-average size in a ~5-min range (or more) after 15 minutes upon PSA 503 

addiction (Figure S6D). This approach allows for a faster automatic description of the DLS 504 

outputs and is utilised for the presentation of the next results. 505 
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The response of the AS2-US-AuNPs-Aggregate to PSA was evaluated across a con- 506 

centration range of 1 fM to 100 nM. Number-weighted means of sizes were averaged over 507 

a 5-minute interval, beginning 15 minutes after PSA addition. These average sizes for AS2- 508 

US-AuNPs-Aggregates decreased upon incubation in a concentration-dependent manner 509 

(Figure 4A, blue line and triangles). A statistically significant reduction in the Aggregate 510 

size was observed starting at a PSA concentration of 10 fM (t-test). The AS2-US-AuNPs- 511 

Aggregate response increases at higher PSA concentrations, as revealed from a further 512 

decrease in the detected average size of the nanostructures (Figures 4A and S8A). The 513 

specificity of the reaction was tested by incubating the AS2-US-AuNPs-Aggregates with 514 

BSA up to its physiological concentrations (500 µM). BSA was selected due to its structural 515 

similarity to Human Serum Albumin (HSA); both albumins are commonly used in bio- 516 

physical and biochemical studies [30]. No significant changes were observed in the Ag- 517 

gregates size upon BSA incubation, even at the highest tested concentration (Figure 4A, 518 

black line). Similarly, the AS2-Ctrl-US-AuNPs-Aggregate, under the same conditions, 519 

showed no discernible trend either in size variation (Figure 4B) or for plasmonic shift (Fig- 520 

ure S7B), neither with PSA nor with BSA. 521 

 522 

Figure 4. Response to PSA of the AS2-US-AuNPs-Aggregates and relative controls. (A) Variation in 523 

the number-weighted averaged size, measured by DLS, of the AS2-US-AuNPs-Aggregate when in- 524 

cubated with different concentrations of the PSA protein (blue line and triangles) or of BSA (black 525 

line and squares). (B) Size measurements of the AS2-Ctrl-US-AuNPs-Aggregate when incubated 526 

with different concentrations of the PSA protein (blue line and triangles) or of BSA (black line and 527 

squares). All measurements are performed with n = 4, from independent experiments, and the error 528 

bars represent the standard errors. 529 

We checked for changes in the UV-Vis absorbance spectra of AS2-Ctrl- and AS2-US- 530 

AuNPs-Aggregates upon introduction of PSA in all tested concentrations and conditions. 531 

The AS2-Ctrl-US-AuNPs-Aggregate never showed a plasmon shift at any concentration, 532 

as expected. A tendency of the plasmonic peak towards shorter wavelengths was ob- 533 

served upon incubation of the AS2-US-AuNPs-Aggregate with increasing concentrations 534 

of PSA; however, this trend was not consistently significant. A clearer variation was de- 535 

tectable only at higher PSA concentrations, where the sensitivity of DLS proved more re- 536 

liable in capturing Aggregate disassembly, although even in this case the trend was not 537 

fully consistent (Figure S7A). This may be attributed to the weak plasmonic resonance of 538 

US-AuNPs and the limited efficiency of interparticle plasmon coupling within the Aggre- 539 

gates [19]. Moreover, larger Aggregates are likely to contribute more strongly to UV–Vis 540 

measurements; in this context, even a small number of large Aggregates may significantly 541 
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affect the overall spectrum, as their increased scattering and absorbance can mask the con- 542 

tributions of smaller particles. 543 

We are not suggesting to use in a real clinical sensor the methods exploited here to 544 

characterize the response of the Aggregates to different PSA concentrations; nevertheless, 545 

in order to describe better this response, we calculated a sort of calibration curve for both 546 

size and plasmon peak position measurements using linear fits in a semilogarithmic scale 547 

(Figure S8). In order to calculate a parameter corresponding to a limit of detection, the 548 

fluctuations in the measurement results without PSA are not a good estimate for the un- 549 

certainty to be used for the LoD calculation, since these measures are used to “normalize” 550 

the data reported in Figures 4, S7 and S8 before averaging; for this reason, we extracted 551 

an average standard deviation from the fit residuals. In this way, and considering the log- 552 

arithmic scale for the concentrations, we obtained indicative LoDs of 2.42 pM (from the 553 

normalized variation of the number-averaged size) and 1.89 × 108 pM (plasmon shift). No- 554 

tably, the inconsistent trend of the plasmon shift indicates that it is not reliable for quan- 555 

titative purposes; for this reason, subsequent experiments focused exclusively on DLS 556 

measurements. It is important to emphasise that the LoD values are reported only as ref- 557 

erence metrics derived from the fitted data, without implying analytical performance or 558 

practical detectability for the conceived sensor based on the studied Aggregates. 559 

3.5. AS2:RevAS2 dsDNA in Blood Mimicking Conditions 560 

To accurately evaluate the AS2-US-AuNPs-Aggregate stability and response under 561 

conditions that mimic in vivo environments, examination at least in plasma, serum, or 562 

mimicking conditions is essential. In the bloodstream, the presence and activity of nucle- 563 

ases, along with the formation of a plasma protein corona, likely affects nanoparticles 564 

properties [31]. We examined how plasma components affect the stability of the AS2- 565 

tail:RevAS2 duplex and the AS2-US-AuNPs-Aggregate by comparing the digestion kinet- 566 

ics in the presence of a single nuclease (DNaseI) and in full human plasma. The stability 567 

of AS2-tail:RevAS2 sequences in human plasma, or with DNaseI, were estimated using 568 

the AS2-tail-Atto580Q:RevAS2-Rhodamine duplex by monitoring the restoration of Rho- 569 

damine fluorescence upon nuclease digestion. 570 

Considering the effect of DNAseI alone, we were able to compare the digestion ki- 571 

netics of the AS2tail:RevAS2 sequences in solution and when incorporated into the 572 

AS2tail-US-AuNPs-Aggregates: the stability of AS2-US-AuNPs-Aggregates was tested to- 573 

ward DNAseI digestion and monitored by size variations via DLS, and compared with 574 

the results on AS2-tail-Atto580Q:RevAS2-Rhodamine – at the same DNA and DNAseI 575 

concentration (Supplementary Section S2). We obtained a recovery of fluorescence for 576 

AS2-tail-Atto580Q:RevAS2-Rhodamine with a half-life of 1.07±0.53 hours (Figure S9A), 577 

with complete digestion achieved after 2 hours. Checking the DLS-measured number- 578 

weighted averaged sizes of the AS2-US-AuNPs-Aggregates over time, under identical 579 

DNA and DNaseI concentrations, we estimated a half-life of 2.1±0.1 hours (Figure S9B). 580 

This finding indicates that the AS2-US-AuNPs-Aggregate provides increased stability to 581 

nuclease digestion, as the embedded duplex exhibits almost a two-fold increase in half- 582 

life compared to free dsDNA. These results highlight the ability of DNA-driven nanoag- 583 

gregated architectures to offer a protective effect against deoxyribonucleases activity.[32] 584 

Then we tested the AS2-tail-Atto580Q:RevAS2-Rhodamine duplex in human plasma; 585 

full plasma could not be used with the AS2-US-AuNPs-Aggregate because the back- 586 

ground scattering compromised the reliability of the DLS measurements. Also in the case 587 

of fluorescence measurements we needed to consider a background arising from the 588 

plasma components (see Supplementary Section S3 and Figure S10A). After its subtrac- 589 

tion, we obtained an estimated half-life of fluorescence recovery for the AS2-tail- 590 
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Atto580Q:RevAS2-Rhodamine in 1:8 diluted plasma of 13.2±1.3 hours (Figure S10). Ad- 591 

justing for the dilution factor and considering a first-order kinetics, the estimated half-life 592 

in undiluted plasma was approximately 1.65±0.17 hours. 593 

Finally, we investigated the stability and PSA response of AS2-US-AuNPs-Aggre- 594 

gates in blood mimicking conditions. However, as stated above, following the AS2-US- 595 

AuNPs-Aggregate behaviour in whole plasma using DLS is challenging due the presence 596 

of similarly sized particles, including small vesicles, lipoproteins, and protein aggregates. 597 

These biological components contribute to significant scattering background and interfer- 598 

ence, complicating the interpretation of the Aggregate size distribution measurements. To 599 

address this, female human plasma was purified by centrifugation and filtration to re- 600 

move all these components. Analysis of the untreated human plasma with DLS revealed 601 

two main peaks: one at 145.3±5.9 nm and another at 13.2±2.7 nm. The purification left only 602 

smaller molecules, including proteins, as confirmed by the presence of a single peak at 603 

15.9±1.3 nm in the centrifuged and filtered plasma (we show a representative intensity- 604 

weighted distribution in Figure S11). 605 

The stability of the AS2-US-AuNPs-Aggregates was evaluated in filtered plasma by 606 

DLS, as identifying the time window during which the Aggregate remains intact is crucial 607 

for enabling effective monitoring of the PSA binding reaction. Figure 5A summarizes the 608 

results, showing the time-behaviour of the number-weighted average size and of the in- 609 

tensity-weighted average size on the total distribution. Figure 5A shows that the meas- 610 

ured size distributions remain relatively constant during the first ~30 minutes, with a sin- 611 

gle peak characterized by a number-weighted size of about 110–160 nm, and a slightly 612 

higher value for intensity-weighted size distributions (see also Figure S12, black and or- 613 

ange curves), consistent with the stability of the AS2-US-AuNPs-Aggregate. After ~30 614 

minutes, a bipartite distribution of sizes becomes evident in the intensity-weighted size 615 

distributions, with two peaks (see also Figure S12, cyan, blue, and violet curves). The 616 

smaller peak has an intensity-averaged size around 50 nm or below, with a tendency to- 617 

wards smaller sizes at longer times. This suggests the formation of smaller components, 618 

likely due to the disassembly of AS2-US-AuNPs-Aggregates upon their interaction with 619 

plasma molecules and, in particular, by nuclease digestion. Additionally, the number- 620 

weighted averaged size usually follows the position of this peak, confirming that the size 621 

derived from the number distribution highlights the presence of smaller particles in the 622 

solution. The larger peak in the intensity-weighted distribution initially increases rapidly, 623 

reaching a broad maximum at ~350 nm around 50–60 minutes, suggesting aggregation or 624 

fusion with plasma components. Then, it shows a gradual decrease in size, indicative of 625 

ongoing erosion of the Aggregates (Figure 5A, Figure S12 violet and blue curves). This 626 

dynamic behaviour underscores the partial instability of the system beyond 30 minutes in 627 

the plasma environment. Differently from what observed with DNaseI, the observed half- 628 

life of the AS2-US-AuNPs-Aggregate in filtered plasma is shorter than the one estimated 629 

for the free AS2-tail:RevAS2 duplex in whole plasma. This difference could be caused by 630 

differences in the compositions of the two environments (different lots of plasma, treated 631 

differently), but anyhow highlights how plasma - a more complex matrix than PBS with 632 

DNaseI, even when purified and filtered—affects the Aggregate stability differently, likely 633 

due to the presence of additional interacting components. 634 
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 635 

Figure 5. (A) Stability profile of AS2-US-AuNPs-Aggregate over time in filtered human plasma di- 636 

luted 1:6. Purple squares represent the average within the most populated peak in the intensity- 637 

weighted distribution of the Aggregates sizes (Intensity Peak 1), orange triangles indicate the same 638 

quantity in the second-most populated peak (Intensity Peak 2, when present), and black dots corre- 639 

spond to size averages weighted in number. Each data point represents the average of three read- 640 

ings acquired within a ~2-minute time window, from a single measurement, error bars are standard 641 

errors. (B) AS2-US-AuNPs-Aggregate (pink dots) and AS2-Ctrl-US-AuNPs-Aggregate (black 642 

squares) size variation before and after 20 minutes incubation with PSA and filtered plasma. Nor- 643 

malisation is performed with respect to the Aggregate number-weighted size before the incubation 644 

with PSA. Number-weighted size decreased from 174.6±38.1 nm (prior to PSA incubation) to 645 

92.5±22.6 nm (for 1 pM PSA) and to 49.2±8.7 nm (for 10 pM PSA). Each data point represents the 646 

average of three readings acquired within a ~2-minute time window, from a single measurement, 647 

after 20 minutes of PSA incubation; error bars are standard errors. T-test was used to compare the 648 

Aggregate normalized size without PSA with respect to the one after PSA incubation. * indicates a 649 

p-value < 0.05 and ** indicates a p-value <0.01. 650 

These observations indicate a critical time-frame of around 30 minutes for monitor- 651 

ing PSA before significant structural changes occur. Therefore, we followed the AS2-US- 652 

AuNPs-Aggregate response to PSA within 20 minutes upon analyte addition using DLS 653 

(Figure S13). PSA was tested across a concentration range from 100 fM to 10 pM, taking 654 

into account the clinically relevant nadir points of 150 and 300 fM proposed by Thaxton 655 

[5] and Doherty [4], respectively, as well as the classical nadir point of 6 pM. Time-course 656 

analysis revealed a concentration-dependent response. At 1 pM PSA (Figure S13C), the 657 

lowest concentration at which a statistically significant reduction of the AS2-US-AuNPs- 658 

Aggregate was observed at around 8 minutes, a progressive decrease in size was ob- 659 

served. This reduction became increasingly distinct over time compared to the AS2-Ctrl- 660 

US-AuNPs-Aggregate, with statistically significant differences detected at multiple time 661 

points. At 10 pM PSA (Figure S13D), the AS2-US-AuNPs-Aggregate exhibited a faster and 662 

more pronounced reduction in size, with significant changes detectable as early as at 3 663 

minutes and becoming more evident over the 20-minute monitoring period. These results 664 

suggest a concentration-dependent response of the AS2-US-AuNPs-Aggregate also in fil- 665 

tered plasma, with higher PSA levels inducing a more rapid and more significant struc- 666 

tural change. Figure 5B summarize the results for the number-weighted average size after 667 

20 minutes of incubation, the longest time point considered to avoid the instability ob- 668 

served in plasma. As already stated, a significant reduction in size of the AS2-US-AuNPs- 669 

Aggregate was observed starting at 1 pM PSA. These results indicate that the Aggregate 670 

retains its ability to respond to PSA within a suitable time frame (i.e., before 30 minutes), 671 
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even when incubated in a complex environment that mimics physiological blood condi- 672 

tions. 673 

4. Discussion 674 

We developed and characterised the AS2-US-AuNPs-Aggregate system, which we 675 

propose for a future possible ultrasensitive PSA biosensor based on the release of renal 676 

clearable nanoreporters from these nanostructures upon recognition of PSA in the blood- 677 

stream. This study represents a preliminary step toward this in vivo application, laying 678 

the groundwork for evaluating the feasibility and practical constraints of such architec- 679 

tures in real biological contexts. 680 

The developed AS2-US-AuNPs-Aggregates demonstrated target-responsive rapid 681 

disassembly in buffered solutions, with detectable responses at PSA concentrations as low 682 

as 10 fM. Under blood-mimicking conditions, a significant signal change was observed 683 

starting at 1 pM PSA, with faster and more pronounced kinetics at higher concentrations 684 

(10 pM). These results highlight a detection capability that surpasses many existing com- 685 

mercial point-of-care (PoC) assays, positioning the AS2-US-AuNPs-Aggregate as a prom- 686 

ising platform for ultrasensitive biomarker sensing in complex media, with potential for 687 

real-time monitoring and early disease detection. Our system exhibits a bigger sensitivity 688 

threshold than some ultrasensitive diagnostic platforms, such as SiMoA (LoD of ~0.15 fM) 689 

[33] or nanoparticle-enhanced ELISAs (LoD ~0.03 fM) [34]. However, our platform with 690 

the kinds of measurement used in this work is not intended to compete with these tech- 691 

nologies. Instead, the experiments performed here serve as a preliminary proof-of-concept 692 

to investigate whether this type of architecture can operate in biologically relevant envi- 693 

ronments and potentially enable in vivo signal transduction. DLS measurements, in- 694 

tended as a primary investigative tool, provided valuable insights into the Aggregate size 695 

variation upon PSA interaction. However, given the limitations of DLS in complex bio- 696 

logical matrices —such as signal variability due to polydispersity and interference from 697 

plasma components— additional characterization with higher-resolution or molecular- 698 

specific techniques is warranted to confirm and refine these findings. 699 

Given that the AS2-US-AuNPs-Aggregate was specifically designed for in vivo ap- 700 

plications, optimising its performance and stability in biological environments is essential, 701 

and this includes strategies for the temporal control of the Aggregate integrity. Previous 702 

studies have shown that renal-clearable nanoparticles can be detected in urine one hour 703 

after triggerable-nanostructure injection [8,15], with complete renal clearance achieved 704 

within 24 hours post injection [7,12]. In contrast, our system seems to exhibit instability 705 

after ~30 minutes, highlighting the need for optimization to extend its lifetime in plasma. 706 

This could be achieved through the incorporation of antifouling sequences and the use of 707 

modified nucleic acids more resistant to nuclease activity [35]; the last method can be ef- 708 

fective in blocking exonuclease activity even upon substitution of a small part of nucleo- 709 

tides, which can be easily achieved e.g., by using modified primers in the amplification by 710 

polymerase chain reaction (PCR) of the oligonucleotides [36,37]. In addition to phos- 711 

phorothioate backbones and locked nucleic acids [32], simpler modifications can also en- 712 

hance stability in serum conditions, such as the introduction of PEG coatings [38] or ter- 713 

minal modifications at the 3’ and 5’ ends, e.g., with hexaethylene glycol or hexanediol 714 

[32,39]. 715 

In a physiological context, nuclease activity, together with dynamic blood flow, could 716 

have also positive effects. Blood flow would help to remove the detached particles from 717 

the interaction site, effectively favouring the system’s kinetics as if it were an irreversible 718 

reaction [40,41]. In this scenario, we speculate two key consequences. First, the reaction 719 

would be no longer limited by the concentration of analyte species, but rather by the ab- 720 

solute number of analyte molecules available, potentially enhancing sensitivity. Second, 721 
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nucleases may promote this irreversibility, by digesting faster the oligomers on the disas- 722 

sembled nanoparticles. On the other hand, as discussed above, the spontaneous instability 723 

of the Aggregates in plasma—partially influenced by nuclease activity—must be carefully 724 

considered. Within the intended reaction time window, the system must remain stable 725 

long enough for PSA recognition, subsequent Aggregates disassembly, and excretion of 726 

the disassembled nanoparticles to urine for detection. However, over longer timescales, 727 

complete nuclease digestion could be beneficial, ensuring full disassembling and clear- 728 

ance of nanoparticles also in the absence of PSA, an essential requirement for safe in vivo 729 

applications. 730 

The use of US-NPs-Aggregate systems could enable in the future the translation of a 731 

specific protein biomarker’s presence into a measurable reporter signal in urine; indeed, 732 

the size of the US-AuNPs was specifically optimized to enable renal clearance, thereby 733 

allowing downstream urinary analysis. We propose that techniques such as inductively 734 

coupled plasma mass spectrometry (ICP-MS) offer a promising and highly sensitive ap- 735 

proach for detecting and quantifying these nanoparticles in urine samples. However, 736 

other kinds of reporters (e.g., different nanoparticles) and/or detection techniques can be 737 

considered using the same kind of DNA architecture proposed here; moreover, the design 738 

of the proposed nanostructure could be adapted for the detection of other disease-associ- 739 

ated biomarkers by considering different aptamers. These generalizations can broaden the 740 

potential applications of the proposed architecture in diagnostic medicine. 741 

5. Conclusions 742 

This work presents a preliminary investigation on US-NPs-Aggregate systems for 743 

transducing the presence of a protein biomarker into measurable urinary signals. We de- 744 

veloped the AS2-US-AuNPs-Aggregate for ultrasensitive PSA detection after radical pros- 745 

tatectomy. When tested in buffer conditions, the AS2-US-AuNPs-Aggreagate exhibited a 746 

rapid PSA-induced disassembly, and achieved ultrasensitive detection levels, with a sig- 747 

nificant signal at 10 fM in PBS, compatible with the USPSA assay. When transitioning to 748 

blood-mimicking conditions, the system behaviours changed. The Aggregate stability is 749 

compromised by plasma components (nucleases and protein) and the reaction kinetics 750 

slowed down. We selected a measurement time of 20 minutes as a compromise between 751 

signal development and Aggregate stability, achieving a detectable signal at 1pM, still 752 

superior to existing PoC approaches. 753 

DLS outperformed plasmonic spectroscopy for this system, since the US-AuNP ex- 754 

hibit a weak plasmonic resonance, and the plasmonic shift is small when assembled in the 755 

Aggregates (and even smaller upon partial disaggregation), probably because of a weak 756 

electromagnetic coupling in the Aggregates. Moreover, components in plasma produce a 757 

high background that hinders the plasmon peak position measurement. In contrast, alt- 758 

hough DLS was used only as a preliminary tool in this investigation, provided a clearer 759 

and more reliable readout of the PSA-triggered disassembly process, even in complex ma- 760 

trices. The limited stability in plasma suggests the need for additional optimization before 761 

in vivo implementation. Nucleases and protein binding influence both the kinetics and 762 

the structural integrity of the system, potentially affecting its sensitivity and integrity. 763 

Strategies such as the incorporation of antifouling sequences or nuclease-resistant nucleic 764 

acid could enhance the Aggregate stability and performance. 765 

Supplementary Materials: Results S1: AS2 ELONA analysis; Results S2:AS2-tail-Atto580Q:RevAS2- 766 

Rhodamine dsDNA digestion in plasma analysis; Results S3:AS2-tail-Atto580Q:RevAS2-Rhoda- 767 

mine dsDNA digestion by DNaseI analysis; Figure S1: aPSA and AS2 ELONA assays; Figure S2: 768 

Secondary folding of the AS2-crtl strand and of the AS2-ctrl:RevAS2 duplex; Figure S3: Absorbance 769 

spectra and plasmon peak analysis of non-functionalized US-AuNPs; Figure S4: Stability and kinetic 770 
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Abbreviations 793 

The following abbreviations are used in this manuscript: 794 

BCR Biochemical Recurrence 
BSA Bovine Serum Albumin 
DLS Dynamic Light Scattering 
ELONA Enzyme-Linked Oligonucleotide Assay 
EPR Enhanced Permeability and Retention 
HAuCl4 Chloroauric Acid 
HRP–streptavidin Horseradish Peroxidase–conjugated Streptavidin 
HPLC High-Performance Liquid Chromatography 
HSA Human Serum Albumin 
LFA Lateral Flow Assay 
LoD Limit of Detection 
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