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Abstract 17 
PEGylation, which has traditionally been the method of choice to enhance the colloidal stability 18 

of nanostructures designed for biological applications, and to prevent non-specific protein 19 

adsorption, is now being challenged by short zwitterionic ligands. Inspired by the zwitterionic 20 

nature of cell membranes, these ligands have the potential to push forward the field of 21 

nanoparticles for nanomedicine. In this work, we report a thorough analysis of the surface 22 

chemistry of silica coated luminescent CdSe/CdS quantum dots functionalized with either PEG-23 

silane or zwitterionic sulfobetaine-silane by quantitative nuclear magnetic resonance spectroscopy. 24 

We demonstrate the differences in the cellular uptake propensity between particles with these two 25 

ligands. While both ligands offer good colloidal stability in crowded cell culture medium, the 26 

zwitterionic functionalized nanoparticles with an optimized ligand density showed to be more 27 

easily endocytosed by HeLa cells. This approach can readily be transferred to other nanoparticle 28 

systems offering a wealth of unique properties, with great potential for intracellular bio-29 

applications. 30 

 31 

1. Introduction 32 
 33 

Diagnostic and therapy techniques in modern nanomedicine have benefited in the past decades 34 

from the growing interest and significant advancement in the development of functional 35 

nanoparticles (NPs).1-3 New generation NPs have emerged as important players in the development 36 

of high contrast bioimaging and in offering novel diagnostic and therapeutic opportunities. Due to 37 

their unique properties (luminescent, magnetic, plasmonic, etc.), and in combination with specific 38 

surface functionalization, NPs have become an interesting class of materials for cell labeling, 39 

selective targeting of biomolecules, sensitive biosensing, smart drug delivery strategies and other 40 

theranostics applications.4-6 To achieve their full potential, NPs developed for biological 41 

applications should meet important criteria, including a robust colloidal stability in a variety of 42 

complex environments. Indeed, the colloidal stability observed for inorganic NPs in a simple 43 

solvent system is often challenged once in dense and crowded biological media. On the other hand, 44 

for NPs specifically designed for intracellular applications, an efficient cellular uptake is also 45 

required, which is commonly achieved via endocytic pathways.5 Several approaches have been 46 
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developed for the receptor-mediated endocytosis of NPs through their functionalization with 47 

targeting ligands such as peptides, aptamers, or antibodies,7 but those are often very expensive and 48 

each requires a dedicated chemistry. 49 

Water-dispersible NPs for biological applications are typically functionalized with 50 

polyethylene glycol (PEG) and PEG derivatives,8-11 which provide excellent colloidal stability 51 

while reducing opsonization and nonspecific protein interactions. However, while PEG ligands 52 

prevent the formation of a protein corona around the NPs, PEGylated NPs exhibit a reduced 53 

cellular uptake in cultured cells, as compared to the bare NP counterparts.12-14 To overcome this 54 

limitation, zwitterionic ligands are being investigated for their anti-biofouling property, as an 55 

alternative to PEGylation.15, 16 Indeed, zwitterionic ligands have been reported to also reduce 56 

nonspecific protein adsorption,17-20 while providing excellent stability in high salt concentration 57 

solutions and in biological media over a wide pH range.21-25 58 

In this work, we used silica coated quantum dots (QD@SiO2) as a model nanoparticle system 59 

to investigate zwitterionic ligands, and compare them to PEG ligands, with respect to colloidal 60 

stability and cellular uptake. Semiconductor quantum dots (QDs) are attractive candidates as 61 

luminescent probes for cell labeling and bioimaging. For optimal properties, colloidal QDs are 62 

best synthesized in non-polar solvents, stabilized with hydrophobic ligands. Bio-applications of 63 

QDs therefore typically involve a transfer to aqueous media. To this end, the encapsulation of QDs 64 

in silica nanoparticles has been widely adopted in the past, and the reverse microemulsion 65 

approach is an efficient method to make these QD@SiO2 nano-objects.26, 27 During the 66 

encapsulation process, the organic ligands on the surface of the QDs are substituted for hydrolyzed 67 

silica monomers resulting in a tight interaction between the QD and the silica matrix.28 Recently 68 

developed core-shell CdSe/CdS QDs have shown superior optical properties with particularly 69 

robust emission when encapsulated in silica, even in oxidative aqueous environments.29 The silica 70 

matrix additionally provides a convenient platform for the versatile surface functionalization of 71 

these NPs with a large variety of organosilanes.  72 

Based on this system, here we report the surface functionalization of QD@SiO2 NPs with either 73 

zwitterionic sulfobetaine-silane (SBS) or PEG-silane, followed by in-depth characterization via an 74 

extensive Nuclear Magnetic Resonance (NMR) toolbox.30 Particular attention was given to the 75 

ligand density, which was determined by quantitative ERETIC (Electronic REference To access 76 

In vivo Concentrations) method. The colloidal stability of these NPs was evaluated in water and 77 

in crowded cell culture medium, demonstrating excellent colloidal stability for both ligand 78 

systems. Cellular uptake in HeLa cells incubated with NPs was then investigated by confocal 79 

fluorescence microscopy and flow cytometry. We demonstrate that, while even low ligand 80 

densities of PEG considerably inhibit cellular uptake of the NPs, for zwitterionic functionalized 81 

NPs there is an optimal window of ligand density in which good colloidal stability concurs with 82 

efficient endocytosis. Finally, cytotoxicity assays showed no adverse effects of these NPs, 83 

highlighting the strong potential of zwitterionic functionalized inorganic NPs for intracellular 84 

applications. 85 

 86 

 87 

2. Experimental Section 88 

 89 
2.1. Materials. CdO (≥99.99%), oleyl alcohol (OlOH, 85%), BrijL4 (average Mn~362 g/mol), 90 

tetraethyl orthosilicate (99.999%), 1,3-propane sultone (98%) and deuterated water (D2O, 99.9%) 91 

were purchased from Sigma-Aldrich. n-Tetradecylphosphonic acid (TDPA, ≥97%) was purchased 92 
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from PlasmaChem GmbH. Trioctylphosphine (TOP, ≥97%) and sulfur (S, 99.999%) were 93 

purchased from Strem Chemicals. Trioctylphosphine oxide (TOPO, ≥98%), dimethyl sulfoxide 94 

and deuterated dimethyl sulfoxide (DMSO d6, 99.8%) were purchased from Merck Millipore. 95 

Selenium powder (Se, 200 mesh, 99.999%) and oleic acid (OA, 90%) were purchased from Alfa 96 

Aesar. n-Heptane and ammonia solution (32%) were purchased from VWR Chemicals. 3-97 

[Methoxy(polyethyleneoxy)propyl]trimethoxysilane (PEG-silane, 90%, 9-12 PE-units) and (N,N-98 

dimethyl-3-aminopropyl)trimethoxysilane (97%) were purchased from abcr. Toluene and 99 

methanol were purchased from Fiers. The HeLa cell culture medium is composed of DMEM/F12 100 

medium (Gibco) with penicillin/streptomycin (Gibco), L-glutamine (Gibco) and supplemented 101 

with 10% Fetal Bovine Serum (FBS). All cell culture products were purchased from Life 102 

Technology unless specifically stated. 103 

2.2. Synthesis of the CdSe/CdS QDs. The CdSe/CdS core-shell QDs used in this study 104 

consisted of a 3.3 nm wurtzite CdSe core with a 2.1 nm thick CdS shell for a total diameter of 7.5 105 

nm. They were synthesized according to the flash procedure reported in the literature.31, 32 The full 106 

synthesis details are given in the Supporting Information.  107 

2.3. Synthesis of 3-(dimethyl(3-(trimethoxysilyl)propyl)ammonio)propane-1-sulfonate. 108 
The synthesis of the zwitterionic sulfobetaine-silane (SBS), was adapted from a method reported 109 

in the literature.18 In a glovebox under nitrogen, 0.2 mL (2.23 mmol) of 1,3-propane sultone was 110 

dissolved in 3 mL of dimethyl sulfoxide (DMSO). Then, 0.5 mL (2.20 mmol) of (N,N-dimethyl-111 

3-aminopropyl)trimethoxysilane was added and the reaction mixture was allowed to stir for 24 112 

hours. The solution was stored under inert atmosphere and used as is. The SBS concentration was 113 

found to be about 0.55 M as determined by quantitative NMR analyses (see Results section). 114 

2.4. Silica encapsulation and surface functionalization. The CdSe/CdS QDs were 115 

encapsulated in silica through a reverse microemulsion process according to a procedure described 116 

in the literature.29 In a round-bottom flask, 10 nmol of QDs were dispersed in a mixture of 50 mL 117 

of heptane and 16 mL of Brij L4 surfactant. After 5 minutes under stirring, 2.5 mL of a 5 % 118 

ammonia solution in water was added to the mixture. After 1 h under stirring, 100 µL of tetraethyl 119 

orthosilicate (TEOS) was added to the mixture and allowed to stir for 3 days. For bare QD@SiO2 120 

NPs, the reaction was stopped at this point by adding 25 mL of ethanol to destabilize the 121 

microemulsion. The NPs were then collected by centrifugation (5000 g, 10 min) and washed once 122 

with ethanol and twice with water. The NPs were then dispersed and stored in 3 mL of water. For 123 

SBS or PEG functionalized QD@SiO2 NPs, the corresponding silane precursor was added directly 124 

to the microemulsion and the reaction was allowed to stir for another 2 days. The reaction was 125 

then stopped by adding 25 mL of ethanol and the NPs were collected by centrifugation (5000 g, 126 

10 min). The NPs were first washed with ethanol. While SBS functionalized NPs were not stable 127 

in ethanol and could easily be collected by centrifugation (5000 g, 10 min), PEG functionalized 128 

NPs were too stable to be collected by centrifugation. In this case, the NPs were collected by using 129 

spin filters (VivaSpin, 100 kDa MWCO) and centrifugation (2200 g, 20 min). The NPs were then 130 

washed three times in water, in which case both SBS and PEG functionalized NPs are very stable 131 

and therefore collected with spin filters and centrifugation (2200 g, 20 min). Finally, the NPs were 132 

dispersed and stored in 3 mL of water.  133 

2.5. Material Characterization. Transmission electron microscopy (TEM) images were 134 

acquired using a Cs-corrected JEOL 2200FS microscope operating at 200 kV. UV-vis absorption 135 

spectra were acquired using a PerkinElmer Lambda 950 spectrometer. Dynamic light scattering 136 

(DLS) and zeta potential measurements were performed using a Malvern Zetasizer Nano Series. 137 

For these measurements, the NPs were diluted 200 times in either double distilled water or cell 138 
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culture medium. The DLS determined hydrodynamic diameters are expressed as Z-averages. For 139 

nuclear magnetic resonance (NMR) measurements, about 10 nmol of QD@SiO2 NPs in water was 140 

spin filtered and redispersed with 1 ml of D2O. The sample was then upconcentrated to about 200 141 

µl by spin filtration, transferred to a 5 mm NMR tube and the volume was adjusted to 500 µL with 142 

D2O. The NMR data were collected on a Bruker Avance II spectrometer operating at a 1H 143 

frequency of 500.13 MHz and equipped with a PATXO probe (1H, 13C and 19F). Quantitative 1H 144 

spectra were acquired by using the Digital ERETIC method with a 20 s delay between scans to 145 

allow for full relaxation. The 1H-1H correlation spectroscopy (COSY), the 1H-13C heteronuclear 146 

single quantum correlation spectroscopy (HSQC) and the 1H-13C heteronuclear multiple bond 147 

correlation spectroscopy (HMBC) spectra were acquired using standard pulse sequences from the 148 

Bruker library, cosygpppqf, hsqcedtgsisp and hmbcgplpndqf, respectively. The delay was set to 149 

long-range nJ1
H

13
C coupling of 8 Hz in the 1H-13C HMBC, while the one bond 1J1

H
13

C coupling 150 

correlations were filtered out. All three heteronuclear correlations were processed in magnitude 151 

mode using a sine bell window function. The 2D diffusion correlated spectroscopy (DOSY) was 152 

performed using a double-stimulated echo sequence for convection compensation and with bipolar 153 

gradient pulses.33 Smoothed rectangle gradient pulse shapes were used throughout. The gradient 154 

strength was varied linearly from 2 to 95% of the probe’s maximum value (calibrated at 50.1 G/cm) 155 

in 64 steps, with the gradient pulse duration and diffusion delay optimized to ensure a final 156 

attenuation of the signal in the final increment of less than 10% relative to the first increment. The 157 

diffusion coefficients were obtained by fitting the appropriate Stejskal-Tanner (Equation 1) to the 158 

signal intensity decay,34 where I0 is the initial signal intensity, D is the diffusion coefficient (m2/s), 159 

γ is gyromagnetic ratio (MHz/T), g is the gradient strength (T/m), δ is the gradient pulse duration 160 

(s) and Δ is the diffusion delay (s). 161 

 162 

𝐼 = 𝐼0𝑒
−𝐷𝛾2𝑔2𝛿2(𝛥−0.6𝛿)       Equation 1 163 

 164 

2.6. Cell culture, fluorescence confocal microscopy and toxicity assay. HeLa cells (ATCC® 165 

CCL-2™) were cultured in DMEM/F-12 (Gibco-Invitrogen) supplemented with 10% heat-166 

inactivated fetal bovine serum (FBS, Biowest), 2 mM glutamine (Gibco-Invitrogen), and 100 167 

U/mL penicillin/streptomycin (Gibco-Invitrogen). Cells were passaged using DPBS (Gibco-168 

Invitrogen) and trypsin-EDTA (0.25%, Gibco-Invitrogen). HeLa cells were cultivated in a 169 

humidified tissue culture incubator at 37 °C and 5% CO2. For confocal microscopy, 15000 HeLa 170 

cells were seeded per well in a 96-well plate one day in advance. The NPs were diluted in cell 171 

culture medium to a concentration of 30 nM, and 200 µL of the suspended solution was added into 172 

each well. After 4 hours of incubation at 37 °C, the solution was discarded and the cells were 173 

washed twice with DPBS. Fluorescence confocal microscopy imaging was performed on a 174 

spinning disk confocal microscope (Nikon eclipse Ti-e inverted microscope, Nikon) equipped with 175 

an MLC 400 B laser box (Agilent technologies), a Yokogawa CSU-22 Spinning Disk scanner 176 

(Andor) and an iXon ultra EMCCD camera (Andor Technology, Belfast, UK) with a 60× oil 177 

immersion objective (CFI Plan Apo VC, Nikon). A 405 nm laser was used as excitation and the 178 

emission was recorded in the 640 nm channel. For the flow cytometry measurements, the same 179 

incubation procedure was performed. The HeLa cells were then detached by trypsin-EDTA 180 

treatment and collected by centrifugation. After the cells were re-suspended in flow buffer (DPBS 181 

supplemented with 1% Bovine Serum Albumin (BSA) and 0.1% NaN3), the samples were 182 

measured by flow cytometry (Cytoflex, Beckman Coulter). 8000 cells were set to be measured for 183 

one sample. A 408 nm laser was used as excitation and the emission was recorded in the 610/20 184 
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nm channel. Positive cells were defined when the fluorescence signals were higher than for the 185 

control group. Cytotoxicity was measured by the CellTiter Glo assay. After 4 hours of incubation 186 

with the NPs, the cells were washed twice with DPBS. Afterwards, 100 µL of fresh cell culture 187 

medium and 100 µL of CellTiter Glo solution (CellTiter-Glo® Luminescent Cell Viability Assay, 188 

Promega) were added into each well. The mixture was then allowed to shake for 10 min at 100 189 

rpm, and the luminescence was measured by GloMax (GloMax® 96 Microplate Luminometer, 190 

Promega). 191 

 192 

 193 

3. Results and Discussion. 194 

 195 
3.1. SBS and PEG functionalized QD@SiO2 NPs. In contrast to PEG-silane which is well 196 

documented and commercially available, SBS was synthesized in-house through a modified 197 

procedure from literature.18 In this work, SBS was synthesized in DMSO instead of acetone. Since 198 

SBS is not soluble in acetone, the original synthesis method involved precipitation with subsequent 199 

purification steps, and the product was stored and used as a dry powder. In our experience, this 200 

resulted in a rather short shelf life, typically less than two weeks, for SBS which is easily prone to 201 

hydrolysis. Thanks to our modified synthesis method, the SBS, which is soluble in DMSO, could 202 

be used as is, directly from the synthesis solution without the need of additional purification steps, 203 

with shelf life up to several months. The SBS chemical structure was confirmed by 1H NMR, as 204 

well as DOSY, COSY, HSQC and HMBC measurements (Figure 1 and Supporting Information, 205 

Figure S1). In Figure 1a, all the resonances with a significant intensity can be assigned to SBS (see 206 

the Supporting Information, Figure S1, for the detailed structure analysis). A diffusion coefficient 207 

of 205 µm2/s was determined by DOSY analysis of the as-synthesized SBS, which is the expected 208 

value for a ~1 nm molecule that diffuses freely in solution (Figure 1b). Integrating the whole set 209 

of resonances between 0.5 ppm and 3.7 ppm in the DOSY measurements resulted in a mono-210 

exponential intensity drop with increasing square field gradient strength, indicating that no shorter 211 

molecules, e.g. unreacted precursors or impurities, are present in significant amounts. The analysis 212 

of the as-synthesized product by quantitative ERETIC indicated a SBS concentration of 0.55 M 213 

(signals integrated from 0.52 to 0.8 ppm). When compared to the theoretical concentration that 214 

could have been achieved with a full conversion of the (N,N-dimethyl-3-215 

aminopropyl)trimethoxysilane, this concentration corresponds to a chemical yield of 93%, 216 

consistent with the 90% yield reported with the original method.18 These observations and the high 217 

chemical yield of the synthesis justified using this synthesized product without further purification. 218 

 219 
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 220 
Figure 1. a, 1H NMR spectra of the as-synthesized free SBS (bottom, black) and a dispersion of SBS functionalized 221 
QD@SiO2 NPs (sample SBS2, top, red) in D2O (inset: chemical structure of the free SBS). b, Diffusion decay of the 222 
as-synthesized free SBS measured by DOSY in DMSO d6. 223 

 224 

For surface functionalization of the NPs, SBS or PEG-silane were added directly to the 225 

microemulsion after the growth of the silica shell. This resulted in either SBS or PEG 226 

functionalized QD@SiO2 NPs of 14 to 15 nm in diameter depending on the sample, with typical 227 

size dispersions below 10% as determined from TEM observations (Figure 2). Such an overall 228 

diameter corresponds to a silica thickness of about 3 to 4 nm, which we found sufficient to 229 

guarantee homogeneous shells, while keeping the nanoparticles small enough (< 50 nm) to be 230 

relevant for bioimaging applications.35 NPs without surface functionalization, denoted as ‘bare’, 231 

were also synthesized for comparison. The direct visual inspection of NP suspensions in water 232 

immediately evidences the positive impact of ligands on the colloidal stability (Figure 2c). While 233 

bare NPs show sedimentation due to some degree of aggregation, both the SBS and PEG 234 

functionalized NPs remain well dispersed in solution. 235 
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 236 
Figure 2. a, Illustration of a QD@SiO2 NP with either SBS or PEG surface functionalization. b, TEM image of SBS 237 
functionalized NPs. c, Photograph of bare, SBS and PEG functionalized QD@SiO2 NPs in water. d, Experimentally 238 
determined ligand density as a function of theoretical amount added to the synthesis. 239 

 240 

The TEM image in Figure 2b shows that each QD is encapsulated in a silica shell (see the 241 

Supporting Information, Figure S2, for additional TEM images). This constitutes a great asset for 242 

the quantitative analysis of the particle surface chemistry. In combination with the intrinsic 243 

absorption coefficient of the QDs, it enables determination of the concentration of NPs in a 244 

dispersion by means of a single UV-vis absorption measurement.36, 37 Indeed, UV-vis absorption 245 

spectra of SBS and PEG functionalized NPs in water overlap quite well with that of the QDs 246 

measured in toluene (Supporting Information, Figure S3). Results suggest that the QD absorption 247 

spectrum is not significantly affected by light scattering, corroborating good colloidal stability. 248 

Figure 1a compares the 1H NMR spectra of SBS functionalized NPs in D2O and free SBS (see the 249 

Supporting Information, Figure S4, for the same analysis on PEG functionalized NPs, and Figure 250 

S5 for the DOSY analysis of all samples). As expected for organic ligands bound to the surface of 251 

larger NPs, the NMR signals of the SBS protons show strongly broadened features (Figure 1a), 252 

due to their slower tumbling rate in solution.30 The signals of protons #2 and #3, which are the 253 

closest to the NPs, are subject to substantial broadening and therefore not observable in the NMR 254 

spectrum of the bound SBS. Protons from the methoxy groups have disappeared due to the 255 

hydrolysis and binding of SBS to the surface. While the signals of protons #4, #5, #6 and #8 256 

correspond to the more intense signals from 2.75 ppm to 3.75 ppm, the signal of proton #7 is 257 

isolated at 2.25 ppm and is ideal to integrate for quantitative spectra analysis. In combination with 258 

the known NP concentration and size, the ligand density could be determined by integrating this 259 

bound resonance in a quantitative 1H NMR spectrum. It should be noted that such a quantification 260 
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disregards any deviation from a spherical surface, for example, due to porosity of the SiO2 shell, 261 

such that a nominal rather than an actual ligand density is obtained. 262 

In this work, NPs with varying ligand densities were synthesized by adding different amounts 263 

of SBS or PEG-silane to the synthesis. Table 1 summarizes characterization results for the different 264 

samples investigated, namely SBS1-5 and PEG1-3, with the respective measured ligand densities 265 

and other parameters (diameter, hydrodynamic diameter, zeta potential, positive cell percentage). 266 

Figure 2d shows the relation between the theoretical amount of ligand added to the reaction 267 

mixture and the experimentally measured value. The trends indicate that a significant excess of the 268 

ligand-silane is needed to achieve sufficient surface coverage. The surface of SBS functionalized 269 

NPs seems to saturate at about 1.5 lig/nm2, whereas ligand density for PEG functionalized NPs 270 

kept increasing with increasing the amount of precursor. SBS functionalized NPs with ligand 271 

density from 0.5 to 1.5 lig/nm2, and PEG functionalized NPs with ligand densities from 0.9 to 2.3 272 

lig/nm2 were thus investigated and compared to bare NPs. One should note that further reducing 273 

the ligand density below 0.9 lig/nm2 typically resulted in NPs with poor colloidal stability, as 274 

observed from visible aggregation during the purification procedure. The surface functionalization 275 

of the QD@SiO2 NPs had a limited impact on their zeta potential (Table 1). As expected, the bare 276 

NPs have a negative zeta potential of -27.2 mV due to the deprotonation of silanol groups in 277 

water.38 For SBS functionalized NPs, the zeta potential decreases continuously with increasing the 278 

ligand density, down to -16.7 mV for the highest density, which could be explained by partial 279 

charge screening and reduction of surface silanol groups due to the binding of ligands. On the other 280 

hand, for PEG functionalized NPs, the zeta potential decreased to about -19.5 mV, regardless of 281 

the ligand density. 282 

 283 
Table 1. Summary of characterization results for samples investigated in this study providing ligand density, average 284 
diameter measured by TEM, hydrodynamic diameters measured by DOSY and DLS, zeta potential and resulting 285 
positive cell percentage (PCP) after incubation with HeLa cells at 30 nM for 4 hours. 286 
 287 

sample 
ligand density 

(lig/nm2)a 
TEM 
(nm)b 

DOSY 
(nm)c 

DLS 
(nm)d 

zeta potential 
(mV)d 

PCP 
(%)d 

bare - 14.6 ± 0.9 - 597 ± 120 -27.2 ± 2.1 94.7 ± 1.7 
SBS1 0.5 ± 0.1 14.4 ± 1.1 49.5 ± 4.6 77.7 ± 2.5 -22.4 ± 0.7 99.9 ± 1.0 
SBS2 0.9 ± 0.1 15.0 ± 1.1 20.5 ± 0.5 21.5 ± 0.8 -20.7 ± 2.9 97.3 ± 1.0 
SBS3 1.1 ± 0.1 13.7 ± 1.1 23.1 ± 1.1 22.3 ± 3.6 -17.5 ± 1.7 47.2 ± 7.9 
SBS4 1.2 ± 0.1 14.5 ±1.2 19.2 ±1.7 23.2 ± 1.4 -16.6 ± 1.2 15.4 ± 0.2 
SBS5 1.5 ± 0.2 14.7 ± 1.1 21.1 ± 0.7 21.4 ± 6.1 -16.7 ± 0.7 1.5 ± 0.3 
PEG1 0.9 ± 0.1 15.1 ± 1.1 21.4 ± 0.2 20.6 ± 1.2 -19.3 ± 0.9 2.7 ± 0.1 
PEG2 1.5 ± 0.2 15.2 ± 1.0 23.3 ± 0.3 21.0 ± 0.5 -19.5 ± 1.9 2.5 ± 0.1 
PEG3 2.3 ± 0.2 14.8 ±1.1 20.0 ± 0.6 23.8 ± 0.9 -19.5 ± 0.6 1.6 ± 0.2 

a error determined by propagating the integration error of the ERETIC NMR signal in the ligand density calculation. 288 
b average value and standard deviation based on the sizing of over 200 NPs. 289 
c error determined by propagating the error on the mono-exponential fitting in the diffusion coefficient calculation. 290 
d average value and standard deviation from three replicate experiments. 291 

 292 

3.2. Colloidal stability of SBS and PEG functionalized QD@SiO2 NPs. The colloidal 293 

stability of these NPs was first examined in water, through a measurement of their hydrodynamic 294 

diameter by DLS and DOSY (Table 1 and Supporting Information, Figure S5). As already 295 

evidenced by visual observation (Figure 2c), the bare QD@SiO2 NPs show substantial 296 

sedimentation, highlighting the need for surface functionalization to ensure colloidal stability. The 297 

aggregation of bare NPs can also be seen in their UV-vis absorption spectrum, which shows typical 298 
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light scattering features (Supporting Information, Figure S3). Although bare NPs could not be 299 

measured by DOSY, the DLS measurement resulted in a very large Z-average value of about 600 300 

nm, in line with the formation of sizeable aggregates. Similarly, the SBS functionalized NPs with 301 

the lowest ligand density (SBS1) showed hydrodynamic diameters of 49.5 nm and 77.7 nm, as 302 

measured by DOSY and DLS, respectively. These values cannot be attributed to individual NPs, 303 

indicating a limited but existing degree of aggregation in this case as well. All other SBS and PEG 304 

functionalized samples show hydrodynamic diameters in the range of 20 to 23 nm for both DLS 305 

and DOSY measurements. These values are consistent with the NP diameter as measured by TEM, 306 

plus the ligand and solvation shells, indicating that these samples are free of aggregation. Their 307 

colloidal stability was further assessed by DLS measurements in the cell culture medium to 308 

determine longer term stability in a crowded biological environment (Figure 3). Despite some 309 

fluctuations, the Z-average values do not show any continuous and persistent increase during the 310 

48 hours experiment duration, indicating that both SBS and PEG functionalized NPs remained 311 

stable. These results confirm the equivalent efficiency of these two ligand systems to preserve 312 

colloidal stability during the cell incubation step, which typically only last for a few hours. 313 

 314 

 315 
Figure 3. DLS measurements on SBS functionalized QD@SiO2 NPs (a) and PEG functionalized QD@SiO2 NPs (b) 316 
in cell culture medium over a 48 hours period. 317 
 318 

3.3. Cellular uptake and toxicity assay. Thanks to the luminescence property of the QDs, the 319 

cellular uptake of NPs could be investigated by fluorescence confocal microscopy imaging (Figure 320 

4a-b and Supporting Information, Figure S6). As previously demonstrated, the optical properties 321 

of such flash grown QDs are preserved after silica coating.29 The confocal images reveal that at 322 

similar ligand densities, SBS functionalized NPs show a high degree of uptake with a lot of 323 

luminescence coming from the cells, whereas with PEG functionalized NPs the cells hardly show 324 

any detectable uptake. In addition, bare QD@SiO2 NPs also show a high degree of endosomal 325 

uptake (Supporting Information, Figure S6i), corroborating our previous study on such 326 

unfunctionalized NPs.29 The propensity for cellular uptake was then carefully quantified by flow 327 

cytometry measurements to determine the positive cell percentage (PCP, Figure 4c and Table 1). 328 

In line with the observation from the fluorescence confocal images, the cells show very high levels 329 

of NP uptake with the PCP approaching 100% in the case of bare NPs and SBS functionalized NPs 330 

with low ligand densities. The uptake then decreases drastically with increasing SBS ligand 331 

density, with nearly no uptake for the NPs with the highest ligand density. Flow cytometry 332 

measurements confirmed the very low uptake of PEG functionalized NPs regardless of the ligand 333 

density. Since the molecular weight of the PEG ligands is more than twice the molecular weight 334 
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of the SBS ligands, the PCP are also represented as a function of ligand mass density in the 335 

Supporting Information, Figure S7, highlighting the difference in nature of these two ligand 336 

systems. However, NPs with PEG falling in the range of ligand mass densities for which high 337 

cellular uptake was achieved with zwitterionic ligands, were not stable enough to be investigated. 338 

 339 

 340 
Figure 4. Fluorescence confocal microscopy images of HeLa cells incubated with SBS functionalized QD@SiO2 NPs 341 
(a, sample SBS2) and PEG functionalized QD@SiO2 NPs (b, sample PEG1). c, Positive cell percentage (PCP) as a 342 
function of the ligand type and ligand density.  343 
 344 

In parallel to cellular uptake measurements, cell viability was assessed by CellTiter Glo 345 

luminescent assay (Figure 5). The results show no significant effect on the HeLa cells, with cell 346 

viability well above 80% at the investigated concentration, regardless of the surface chemistry of 347 

the QD@SiO2 NPs. Thus, even at high levels of endocytosis, the NPs remain benign for the cells, 348 

making them relevant for intracellular bio-applications. 349 

 350 

 351 
Figure 5. Viability of HeLa cells after incubation (4 hours, 30 nM) with SBS (red) and PEG (blue) functionalized NPs 352 
as well as bare NPs (green), determined by CellTiter Glo luminescent cell viability assay. For the control experiment 353 
(yellow), the cells underwent the same process, except that no NPs were added. 354 
 355 

3.4. Discussion. While bare NPs offer high uptake levels as previously reported,29 they suffer 356 

from unsatisfying colloidal properties with substantial levels of aggregation. Since the properties 357 

of inorganic nanoparticles often arise from their reduced dimension itself, this effect strongly 358 

impairs their use for cell labeling and other biological applications. In addition, large objects with 359 

dimensions exceeding those of typical biomolecules could interfere negatively with the biological 360 
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process or organelle being probed,35 hence defeating the purpose of the analysis. In this work, we 361 

show that this issue can be solved through the surface functionalization of NPs with either PEG or 362 

zwitterionic SBS ligands. In line with previous reports,12-14 we observed that surface 363 

functionalization with PEG ligands strongly inhibits their spontaneous uptake by live cells. In our 364 

system and for our set of experimental conditions, we could not find a ligand density for PEG that 365 

would provide sufficient colloidal stability while promoting cellular uptake. Indeed, further 366 

reducing the ligand density from the value reported for PEG1 sample (0.9 lig/nm2) resulted in 367 

apparent aggregation of the NPs. On the other hand, efficient uptake of SBS functionalized NPs 368 

was observed, which at first seems contradictory to previous literature reports on the inhibiting 369 

effect of zwitterionic ligands on cellular uptake.20, 23 However, these studies did not report a 370 

detailed investigation of the effects of ligand density. Our work confirms that for high SBS ligand 371 

densities, the ligands quantitatively inhibit cellular uptake. In contrast, a sweet spot exists at lower 372 

ligand densities, where efficient uptake can be achieved without compromising colloidal stability. 373 

For example, sample SBS2 (0.9 lig/nm2) showed the highest level of uptake (Figure 4a and c) while 374 

offering fully satisfying colloidal stability (Figure 3). Lowering the ligand density to 0.5 lig/nm2 375 

(sample SBS1) hardly increases the positive cell percentage (Figure 4c), while inducing some 376 

aggregation (Table 1), thus not meeting the quality criteria expected for these materials. The effect 377 

of the ligand shell on the zeta potential of these NPs alone cannot explain these differences in 378 

uptake propensity since SBS functionalized NPs with lower zeta potentials (samples SBS3-4) than 379 

the PEG functionalized NPs still showed higher uptakes. Although the effect of sedimentation on 380 

the uptake of bare NPs could be considered,13 the data on SBS functionalized NPs with optimal 381 

colloidal stability and uptake levels similar to those of bare ones indicate, that this is not the main 382 

mechanism at play here. Taken together, these results suggest that at low ligand density, the surface 383 

exposed by SBS functionalized NPs still resembles enough the bare silica surface to undergo the 384 

same internalization process, which was demonstrated to follow an endocytic pathway,29 while 385 

providing sufficient steric stabilization to prevent the NPs from aggregating. The incomplete 386 

coverage of the nanoparticle surface and remaining exposed charges can lead to the adsorption of 387 

proteins present in the culture medium supplemented with serum, which can play a role in the 388 

cellular uptake of zwitterionic functionalized nanoparticles with low ligand density.39, 40 The use 389 

of zwitterionic ligands hence shows to be an extremely promising route in order to purposefully 390 

control the interaction between NPs and cells, with important potential for specific targeting and 391 

controlled release strategies.41 Tuning the ligand density of these NPs offers a practical knob to 392 

balance their ‘stealth’ character (circulation, non-specific binding), which is achieved at high 393 

ligand density, whereas their non-targeted cell internalization is promoted at the other end of the 394 

spectrum by a low ligand density. 395 

 396 

 397 

4. Conclusion. 398 
 399 

Using luminescent CdSe/CdS@SiO2 NPs of about 15 nm diameter as a model system, we 400 

optimized the surface chemistry of these NPs in order to balance colloidal stability and cellular 401 

uptake. Commonly used PEG ligands were compared to sulfobetaine zwitterionic ligands, 402 

highlighting the superiority of the latter in promoting spontaneous uptake by live cells. Through a 403 

careful quantitative analysis of the ligand density by NMR spectroscopy, we identified an optimal 404 

window for the surface functionalization of these NPs with zwitterionic ligands. NPs with SBS 405 

ligand densities at around 1 lig/nm2 show an ideal combination of good colloidal stability in 406 
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crowded cell medium and efficient spontaneous cellular uptake. At lower ligand densities, the NPs 407 

aggregate, and at higher densities, uptake is inhibited. The zwitterionic functionalization of NPs 408 

therefore offers an alternative strategy for the design of intracellular probes without the need to 409 

implement costly targeting ligands. We believe that this approach can be extended to other 410 

inorganic NPs with a wide range of properties and compositions, therefore enabling a number of 411 

intracellular applications based on these materials.  412 

 413 
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