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ABSTRACT: Drug carriers typically require both stealth and targeting properties to minimize 

nonspecific interactions with healthy cells and increase specific interaction with diseased cells. 

Herein, the assembly of targeted poly(ethylene glycol) (PEG) particles functionalized with 
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cyclic peptides containing Arg-Gly-Asp (RGD) (ligand) using a mesoporous silica templating 

method is reported. The influence of PEG molecular weight, ligand-to-PEG molecule ratio, 

and particle size on cancer cell targeting to balance stealth and targeting of the engineered PEG 

particles is investigated. RGD-functionalized PEG particles (PEG-RGD particles) efficiently 

target U-87 MG cancer cells under static and flow conditions in vitro, whereas PEG and cyclic 

peptides containing Arg-Asp-Gly (RDG)-functionalized PEG (PEG-RDG) particles display 

negligible interaction with the same cells. Increasing the ligand-to-PEG molecule ratio 

improves cell targeting. In addition, the targeted PEG-RGD particles improve cell uptake via 

receptor-mediated endocytosis, which is desirable for intracellular drug delivery. The PEG-

RGD particles show improved tumor targeting (14% ID g–1) when compared with the PEG (3% 

ID g–1) and PEG-RDG (7% ID g–1) particles in vivo, although the PEG-RGD particles show 

comparatively higher spleen and liver accumulation. The targeted PEG particles represent a 

platform for developing particles aimed at balancing nonspecific and specific interactions in 

biological systems. 

 

INTRODUCTION 

Nonspecific biological interactions of drug carriers are considered to be significant barriers to 

affording substantial accumulation of the therapeutic drug at diseased sites, therefore limiting 

the efficacy of drug delivery.1-3 To avoid nonspecific interactions, surface modification with 

poly(ethylene glycol) (PEGylation) is a widely used strategy, as it can endow drug carriers with 

improved biodistribution and pharmacokinetic profiles.4,5 However, the antibiofouling (stealth) 
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property of PEGylation is governed by the molecular weight, grafting density, and 

conformation of PEG molecules on the carrier surface, all of which can be difficult to control 

and finely tune.6-8 To circumvent the challenges associated with PEGylation, we previously 

reported particles composed of PEG, engineered using a mesoporous silica (MS) templating 

method.9 These PEG particles showed substantially improved biodistribution and circulation 

behavior after optimization of the particle size and PEG molecular weight. In addition, the 

Young’s modulus (or stiffness) of these PEG particles could be controlled from 0.2 to 3.3 kPa 

by changing the cross-linking density, and their deformability could be tuned to be comparable 

to that of red blood cells (~26 kPa), as demonstrated using a microfluidic capillary model.10 

This enhanced deformability of the PEG particles can potentially enhance retention by 

bypassing biological barriers in vivo. Recent studies have also demonstrated that PEG-based 

particles can be used for chemotherapy and multimodel-imaging-guided combination 

therapy.11-13 Despite the significant advances achieved to date in passively targeted particles 

for cancer therapy, achieving a balance between low nonspecific interactions and high active 

targeting remains a limiting factor in the translation of safer and more efficient nanomedicines, 

and needs to be carefully considered in the design of drug delivery systems.14,15 

The use of PEG can help protect drug carriers from mononuclear phagocytic system clearance 

and can thereby increase the circulation time and tumor accumulation (e.g., in tumors 

exhibiting the enhanced permeability and retention (EPR) effect). However, PEG can also 

hinder tumor cell uptake and intracellular drug release, which is not desirable for therapeutic 

delivery.16-18 An approach to overcome this is via the attachment of targeting molecules to 

PEG-based particles to increase specific interactions and induce receptor-mediated uptake.19 



 

4 

 

Synergistic integration of stealth and targeting properties by tuning the number of targeting 

ligands to confer maximum targeting performance, while maintaining stealth performance, 

offers a promising pathway to design particles with high drug delivery efficacy.20,21  

Recently, we have functionalized PEG particles with bispecific antibodies (BsAbs) to modulate 

targeting of stealth PEG particles to tumor cells.22 However, the addition of targeting molecules 

often changes the surface chemistry of the particles and can possibly negatively influence the 

stealth properties of the particles. That is, nonspecific (stealth) and specific (targeting) 

interactions can compromise each other. For example, higher densities of targeting ligands (e.g., 

folic acid and aptamers) on PEGylated particle surfaces typically induce faster clearance or 

increased nonspecific accumulation (e.g., liver or spleen uptake).15,23 Although in our previous 

study PEG-BsAb particles displayed high association with cancer cells in vitro while retaining 

low nonspecific interaction with immune cells (i.e., monocytes and granulocytes) ex vivo, these 

particles did not display significantly improved tumor targeting in vivo.22 In addition, the length 

of the PEG molecules should be shorter than the length of the ligand linker to avoid interference 

with ligand–receptor interactions.24,25  

Cyclic peptides containing Arg-Gly-Asp-Phe-Lys (cRGDfK, abbreviated as RGD) sequence 

can be recognized by integrins (e.g., the αvβ3 segment) overexpressed at angiogenic sites and 

in many tumors and have been widely used as targeting ligands for drug delivery26 and 

bioimaging,27 and in clinical trials.28,29 Although the RGD density on PEGylated vesicles or 

silica nanoparticles influences their circulation time and targeting outcomes,30,31 a detailed 

investigation on balancing stealth and active targeting of PEG particles has not been reported 
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to date. Herein, we report the preparation of targeted PEG particles and examine the effect of 

PEG molecular weight, ligand-to-PEG molecule ratio, and particle size on cancer cell targeting 

and biodistribution (Scheme 1). 8-Arm-PEG-NH2 at two different molecular weights (10 or 40 

kDa) was used as a building block and silica particles with different sizes (110 or 1000 nm) 

were used as templates for the synthesis of the PEG particles. RGD and control cyclic peptides 

of Arg-Asp-Gly-Phe-Lys (cRDGfK, abbreviated as RDG) were used to investigate: 1) the 

influence of surface functionalization of PEG particles on biodistribution; 2) the differences 

between active and passive tumor targeting; and 3) optimal strategies for controlling PEG 

particle bio–nano interactions (Scheme 1).  

We investigated the bio–nano interactions of PEG particles using static cell culture, flow-based 

cell culture, and in vivo xenograft mice models and found important differences between the 

ex vivo and in vivo models. For the RGD-functionalized PEG (PEG-RGD) particles, increasing 

the molecular weight of PEG reduced specific targeting to integrin-overexpressing cancer cells 

(U-87 MG), but this could be improved by increasing the amount of RGD on the particles. The 

PEG-RGD particles efficiently targeted cancer cells (both under static and in flow conditions), 

whereas the (nonfunctionalized) PEG and RDG-functionalized PEG (PEG-RDG) particles had 

negligible interaction with the same cells. Furthermore, the targeted PEG particles showed 

improved cell uptake. In addition, PEG-RGD particles displayed higher tumor accumulation 

than the PEG and PEG-RDG particles in vivo, although the PEG-RGD particles displayed 

relatively higher spleen and liver accumulation. This result highlights that surface modification 

of PEG particles with RGD targeting ligands can be engineered to improve tumor targeting as 
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well as enhanced cell uptake via receptor-mediated endocytosis, which is favorable for 

intracellular drug delivery (Scheme 1). 

 

Scheme 1. (a) Schematic of the preparation of PEG-RGD particles via MS templating method. 

(b) Illustrations of the tumor targeting and intracellular uptake of PEG-RGD particles in 

comparison to PEG-RDG particles. 

EXPERIMENTAL SECTION 
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Materials. Tetraethyl orthosilicate (TEOS), poly(acrylic acid) (PAA, MW ~250 kDa, 35 wt% 

solution in water), cetyltrimethylammonium bromide (CTAB), cetyltrimethylammonium 

tosylate (CTAT), triethanolamine, sodium phosphate dibasic, L-glutamine solution (200 mM), 

Dulbecco’s phosphate buffered saline (DPBS), hydrofluoric acid (HF, 48 wt%), ammonium 

fluoride (NH4F), ammonium hydroxide solution (28–30%), anhydrous dimethyl sulfoxide 

(DMSO), and U-87 MG cell line were obtained from Sigma-Aldrich (Australia). 8-Arm-PEG-

NH2 (10 and 40 kDa) and 8-arm-PEG succinimidyl succinate (8-arm-PEG-NHS, 10 kDa) with 

a hexaglycerol core structure were purchased from JenKem Technology USA Inc. (China). 

Alexa Fluor 488 carboxylic acid succinimidyl ester (AF488), Alexa Fluor 647 carboxylic acid 

succinimidyl ester (AF647), Alexa Fluor 594-conjugated wheat germ agglutinin (WGA-

AF594), WGA-AF488, Hoechst 33342, heat-inactivated fetal bovine serum (HI-FBS), and 

advanced minimum essential medium (MEM) were provided by Invitrogen (Australia). Cyclic 

peptides containing Arg-Gly-Asp-Phe-Lys (cRGDfK), Arg-Asp-Gly-Phe-Lys (cRDGfK), and 

Arg-Gly-Asp-Sec-Lys (cRGDUK) were purchased from GL Biochem (Shanghai) Ltd. (China). 

The water used in all experiments was obtained from a three-stage Millipore Milli-Q Plus 185 

purification system and had a resistivity greater than 18.2 MΩ cm. 

Minimum Information Reporting in Bio–Nano Experimental Literature (MIRIBEL). The 

studies conducted herein, including material characterization, biological characterization, and 

experimental details, conform to the MIRIBEL reporting standard for bio–nano research,32 and 

we include a companion checklist of these components in the Supporting Information. 
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Synthesis of MS Particles. For the synthesis of MS particles with an average size of 1000 nm, 

polyelectrolyte–surfactant complexes were used as templates.33 Briefly, CTAB (1.1 g) was 

completely dissolved in water (50 mL) with stirring. PAA solution (4.3 g) was then added with 

vigorous stirring at room temperature (25 °C) to obtain a clear solution. Ammonium hydroxide 

solution (3.5 mL) was then added to the above solution with vigorous stirring for 20 min, 

producing a milky suspension. TEOS (4.46 mL) was then added to the above solution. 

Following stirring for 15 min, the mixture was transferred to a Teflon-sealed autoclave, which 

was heated at 100 °C for 48 h. The resulting particles were washed with water and ethanol three 

times and dried at 80 °C. The templates were removed by calcination at 550 °C in air for 6 h. 

MS particles with an average size of 110 nm were synthesized according to a previously 

reported method.34 Briefly, CTAT (960 mg) and triethanolamine (174 mg) were dissolved in 

water (50 mL) at 80 °C, followed by prompt addition of TEOS (7.8 mL). The mixture was 

vigorously stirred at 80 °C for another 2 h. The synthesized MS particles were washed with 

water and ethanol, dried at 80 °C, and calcined at 550 °C in air for 6 h.  

Synthesis of PEG, PEG-RDG, and PEG-RGD Particles. As per the previously published 

protocol,35 MS particles (~6 mg) were washed with phosphate buffer (100 mM, pH 8) and 

infiltrated with 8-arm-PEG-NH2 solution (480 µL, 5 mg mL−1 in phosphate buffer) with 

constant shaking overnight. The particles were then isolated by centrifugation (1500 g, 2 min 

for particles prepared using MS-1000 and 8000 g, 8 min for particles prepared using MS-110) 

and washed three times with phosphate buffer. The pellet was re-dispersed in phosphate buffer 

(100 µL) and labeled with AF488 (5 µL, 1 mg mL−1) or AF647 (5 µL, 1 mg mL−1), followed 

by polymer cross-linking with 8-arm-PEG-NHS (20 mg mL−1 in anhydrous DMSO, 40 µL) in 
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phosphate buffer (400 µL). After incubation for 2 h, the particles were washed with water three 

times and resuspended in water (200 µL). To functionalize the PEG particles with RDG or 

RGD, 8-arm-PEG-NHS (0.8 mg) was pre-incubated with RDG or RGD in anhydrous DMSO 

at a peptide/8-arm-PEG-NHS molar ratio of 1:1 or 2:1 in anhydrous DMSO for 30 min. To 

obtain the PEG particles or PEG-RDG and PEG-RGD particles, the MS templates were 

removed with a HF (2 M)/NH4F (8 M) solution (pH ~5). Caution! HF is highly toxic. Extreme 

care should be taken when handling HF solution and only small quantities should be prepared. 

The resultant PEG, PEG-RDG, and PEG-RGD particles were washed three times with water 

and resuspended in water. The particles are denoted as PEGx-y-RGD or PEGx-y-RDG, where 

x and y represent PEG molecular weight (10 or 40 kDa) and template size (110 or 1000 nm), 

respectively. It should be noted that the cross-linking of particles is less efficient and the yield 

of PEG-RGD particles (especially for PEG40-110-RGD or PEG40-110-RDG particles) is 

lower when the RGD-to-8-arm-PEG-NHS ratio is higher than 2:1.  

Quantification of RGD Per PEG-RGD Particles. To quantify the amount of RGD conjugated 

on the PEG particles, cRGDUK was conjugated following the same protocol as above. The 

cRGDUK was employed to introduce Se (from Sec, U) into the peptide for the quantification. 

The Se concentration in the particle suspension was determined by inductively coupled plasma 

mass spectrometry (NexION-2000, PerkinElmer, USA). The concentration of the PEG 

particles was determined by weighing the freeze-dried PEG particles. From these data, the 

amount of cRGDUK per mg of PEG particles was estimated as the total Se concentration 

divided by the PEG particle concentration. As a result, when the mixing ratio of peptide to 8-
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arm-PEG-NHS is 2:1, the cRGDUK modification ratios are 10 and 3.5 µg of cRGDUK per mg 

of PEG40-1000-RGD2 and PEG40-110-RGD2 particles, respectively. 

Cell Association of PEG, PEG-RDG, and PEG-RGD Particles. U-87 MG cells (American 

Type Culture Collection) were cultured in a complete media (90% advanced MEM, 10% HI-

FBS, and supplemented with 1% L-glutamine) at 37 °C in a 5% CO2-humidified atmosphere. 

U-87 MG cells with passage number 20–30 were used and all cells passed the mycoplasma 

test. To investigate cell association, U-87 MG cells were seeded in a 24-well plate at a 

population of 70000 cells per well (500 μL of media) and incubated overnight. Fluorescently 

labelled PEG10-1000, PEG10-1000-RDG, PEG10-1000-RGD, PEG40-1000, PEG40-1000-

RDG2, or PEG40-1000-RGD2 particles were added at a particle-to-cell ratio of 1000:1 to each 

well (23 µg of particles per mL of media). For PEG40-110, PEG40-110-RGD2, and PEG40-

110-RDG2 particles, 3.4 µg of particles per mL of media was used for incubation with cells 

(this amount ensures optimal cell association). At different time points, the cells were gently 

washed with DPBS and detached with trypsin. The cell suspensions were centrifuged (300 g, 

2 min) and washed with DPBS. Finally, the cells were suspended in of DPBS (500 μL) and 

analyzed by flow cytometry (Apogee Micro Flow cytometer). The gating strategy is shown in 

Figure S7. Experiments were performed in triplicate. 

Cell Imaging. U-87 MG cells were seeded at a density of 20000 cells per well (150 μL media) 

in 8-well Lab-Tek chambered coverglass slides (Thermo Fisher Scientific) and allowed to 

adhere overnight. Subsequently, cells were incubated with the PEG10-1000, PEG10-1000-

RDG2, PEG10-1000-RGD2, PEG40-1000, PEG40-1000-RDG2, or PEG40-1000-RGD2 
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particles at a particle-to-cell ratio of 1000:1 for 24 h (37 °C, 5% CO2), followed by three 

washing steps with DPBS. For PEG40-110, PEG40-110-RDG2, and PEG40-110-RGD2 

particles, 8.5 µg of particles per mL of media was used for incubation with cells. Cells were 

fixed with of 4% paraformaldehyde (200 μL) at 25 °C for 15 min, followed by three washing 

steps with DPBS. The fixed cells were stained with WGA-AF594 (5 μg mL−1 in DPBS) on ice 

for 10 min and Hoechst 33342 (2 μg mL−1 in DPBS) for 15 min and washed with DPBS twice. 

Fluorescence microscopy imaging of cells was performed on a Nikon A1R confocal 

microscope equipped with a 60× oil immersion objective and a standard fluorescein 

isothiocyanate (FITC)/tetramethylrhodamine (TRITC)/cyanine 5 (CY5) filter set. 

For multicellular spheroid imaging, U-87 MG cells were seeded in Corning spheroid 

microplates (96-well plate) at a density of 1000 per well and cultured for 4 days. The medium 

was replaced with fresh medium (100 μL) containing PEG40-110, PEG40-110-RDG2, or 

PEG40-110-RGD2 particles (~8.5 µg of PEG particles per mL of media) labeled with AF647, 

and the incubation proceeded for 24 h. The spheroids were washed with DPBS three times and 

fixed by 4% paraformaldehyde in DPBS at 25 °C for 15 min, followed by cell membrane 

staining with WGA-AF488 (5 μg mL−1 in DPBS) on ice for 10 min and washing with DPBS. 

To monitor particle association and penetration of multicellular spheroids (MCSs), imaging 

was performed on a Nikon A1R confocal microscope with a 20× objective and a standard 

FITC/CY5 filter set. 

Microfluidic Assay. For flow live cell imaging, U-87 MG cells (5 × 104 cells per channel) 

were seeded into sterile ibidiTreat µ-Slide I0.4 Luer flow chambers in advanced MEM medium 
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supplemented with 10% HI-FBS, 1% glutamine, and 1% penicillin-streptomycin according to 

the manufacturer’s instructions. The cells were cultured overnight at 37 °C with 5% CO2. The 

flow experiments were performed using a setup consisting of a 50 mL centrifugation tube as a 

reservoir, a flow chamber (ibidiTreat µ-Slide I0.4 Luer), and a syringe pump (PHD2000, 

Harvard Apparatus) connected via silicone tubing (internal diameter (ID) 0.76 mm, ibidi) and 

Luer connectors (Figure S4). The tubing and connectors were autoclaved before usage. The 

flow system was assembled under sterile conditions (in a biosafety cabinet). The reservoir was 

filled with prewarmed (37 °C) complete medium containing PEG40-1000-RGD2 or PEG40-

1000-RDG2 particles labeled with AF647 at a concentration of 1.4 × 108 particles per mL of 

media, corresponding to the particle concentration used in the static cell association 

experiments. Before setting up the flow system, the inlet and outlet of the tubing were flushed 

with prewarmed medium and connected to the cell-containing flow chamber in a drop-to-drop 

fashion to avoid introduction of air bubbles. The assembled system was transferred onto a 

Nikon AR1 confocal microscope fitted with an incubator and connected to the syringe pump 

in withdraw mode for the flow experiments at a shear stress of 0.1 dyn cm−2 (~110 μL min–1) 

at 37 °C for live cell imaging. The reservoir was kept under a stream of 5% CO2 to maintain 

the required CO2 content for cell viability. Cell images were taken under the flow condition. 

Tumor Inoculation. All procedures were followed in accordance with the Australian National 

Health and Medical Research Council’s published Code of Practice for the Use of Animals in 

Research, and experiments were approved by the Alfred Medical Research and Education 

Precinct Animal Ethics Committee (E/1589/2015/B). Mice were housed on a 12 h light/dark 

cycle with ad libitum access to food and water.  
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U-87 cells (2 × 106 in 100 μL Matrigel and 100 μL PBS) were used to inoculate a subcutaneous 

tumor on the right shoulder of each male nude mouse (6 weeks old). The body weight and 

tumor volume were monitored twice a week. The tumor diameter (D) was measured, and the 

corresponding tumor volume was calculated using the following formula: volume = 

(4/3)π(D/2)3. The xenograft tumor-bearing mice were randomized into three groups (PEG40-

110-RGD2, PEG40-110-RDG2, and PEG40-110) with n = 3 per group.  

In Vivo Fluorescence Imaging. When the tumor volume was 60 mm3, the mice were injected 

intravenously with PEG particles (~75 µg of PEG particles in 100 μL DPBS; particle 

suspensions have similar fluorescence intensities). The mice were anesthetized by isoflurane 

during the entire imaging procedure. The entire body of the mouse was imaged using an IVIS 

Lumina II Imaging System (Caliper Life Sciences) at 24 and 48 h post injection. The excitation 

and emission filters were 620 and 670 nm, respectively. The total radiant efficiency 

(p/s)/(µW/cm2) is shown. All imaging parameters were kept constant and were as follows: Bin, 

(M)4; field of view (FOV),12.5; f2; 2 s.  

Ex Vivo Fluorescence Imaging. After the last scan at 48 h post injection, the mice were 

euthanized by ketamine/xylazine overdose. The heart, liver, spleen, kidney, lung, and tumor 

were collected and weighed. The main organs were placed on a petri dish and imaged using an 

IVIS Lumina II imaging system (Caliper Life Sciences). All imaging parameters were kept 

constant and were as follows: Bin, (M)4; FOV, 12.5; f2; 2 s. The total radiant efficiency 

(p/s)/(µW/cm2) of the organs as well as the standards (injected samples) were measured and 
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background corrected. Based on the weight of the individual organs, this was then converted 

to %ID g-1. 

Tissue Processing, Immunohistochemistry, and Imaging. The tumors were collected and 

post-fixed for 2 h in 4% paraformaldehyde and cryo-protected for 3 days in sucrose (30% w/v 

in 0.1 M phosphate buffered saline) before being coronally sectioned on a cryostat (12 series 

collected at a section thickness of 40 µm). The tissue was mounted on slides and air dried for 

1 h prior to storage at −80 °C. Tumor tissues were stained with plasma membrane marker 

WGA-AF488 (1:1000, Thermo Fisher Scientific) and nuclear marker Hoechst 33342 (1:1000, 

Invitrogen), followed by three washes with DPBS. Fluorescence images were captured using a 

Nikon A1R confocal microscopy with a 40× water immersion objective. 

Characterization Methods. Gas sorption analysis, using nitrogen as the adsorption gas, was 

performed on a Micromeritics Tristar surface area and porosity analyzer to determine the 

porosity and surface area of the MS particles. The pore size distributions were derived from 

the desorption curve using the Barrett–Joyner–Halenda method. Transmission electron 

microscopy (TEM) analysis was carried out on a FEI Tecnai TF20 microscope operating at 200 

kV. Fluorescence microscopy images of the particles were taken using an Olympus IX71 

inverted fluorescence microscope equipped with a differential interference contrast slider (U-

DICT, Olympus), the corresponding filter sets, and a 60× oil immersion objective (Olympus 

UPFL20/0.5NA, W.D. 1.6). Particle counting and the cell association assay were performed on 

an Apogee Micro Flow Cytometer at an excitation wavelength of 488 or 647 nm. Confocal 



 

15 

 

laser scanning microscopy (CLSM) was performed on a Nikon A1R confocal microscope with 

a standard FITC/TRITC/CY5 filter set. 

RESULTS AND DISCUSSION 

Fabrication of Targeted PEG Particles. To prepare the peptide-functionalized PEG particles, 

monodisperse MS particles of average sizes of 1000 and 110 nm (denoted MS-1000 and MS-

110, respectively) were synthesized, as previously reported33,34 (Figure 1a,b). The MS-1000 

particles displayed a bimodal pore size distribution centered at 2−4 and 10–40 nm, whereas the 

MS-110 particles featured pore sizes of 5–15 nm. The surface areas of the MS-1000 and MS-

110 particles were 550 and 300 m2 g-1, respectively. The MS template particles were infiltrated 

with 8-arm-PEG-NH2, and cross-linking proceeded using 8-arm-PEG-NHS, which was pre-

functionalized with RGD or RDG at different ratios in anhydrous DMSO (peptide/8-arm-PEG-

NHS ratio of 1:1 or 2:1). The template was then removed to obtain the peptide-functionalized 

PEG particles. Pre-functionalization of the peptide resulted in 0.8 and 1.4 peptides per 8-arm-

PEG-NHS when the ratios of the peptide/8-arm-PEG-NHS were 1:1 and 2:1, respectively, 

based on NMR analysis (Figure S1). The molecular structures and cross-linking strategy are 

shown in Figure S2. Previously, we have reported that PEG particles composed of higher 

molecular weight PEG (e.g., 40 kDa) displayed lower levels of cell association with phagocytic 

blood cells (i.e., monocytes and granulocytes).9 Herein, we used two different molecular 

weights (10 or 40 kDa) of 8-arm-PEG-NH2 (each arm 1.25 or 5 kDa) for the synthesis of RGD-

functionalized PEG particles to investigate the balance between stealth and targeting 

performance. Figure 1c,d shows TEM images of PEG10-1000-RGD and PEG40-1000-RGD 
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particles, which are similar in morphology to the PEG particles that we previously reported.9 

The contrast of the PEG10-1000-RGD particles appears different from that of the PEG40-

1000-RGD particles, which is likely due to the higher loading amount of 8-arm-PEG-NH2 (10 

kDa) in MS-110 templates and the higher cross-linking density of the PEG10-1000-RGD 

particles after template removal. Fluorescence microscopy images showed that both the 

PEG40-1000-RGD and PEG40-110-RGD particles were well dispersed in aqueous solution 

(Figure 1e,f). 

 

Figure 1. TEM images of (a) MS-1000 and (b) MS-110 templates, and (c) PEG10-1000-RGD 

and (d) PEG40-1000-RGD particles. (e) Fluorescence microscopy image of PEG40-1000-RGD 
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particles. (f) Structured illumination microscopy image of PEG40-110-RGD particles. Particles 

were labeled with AF488. 

In Vitro Cell Targeting and Internalization. The cyclic peptide containing an RGD sequence 

is a targeting moiety that can be recognized by αvβ3 integrin segment overexpressed on U-87 

MG cells.36 To investigate cell targeting of the PEG-RGD particles, U-87 MG cells were 

incubated with PEG10-1000-RGD and PEG10-1000-RDG particles separately with a particle-

to-cell ratio of 1000:1 (23 µg of particles per mL of media). About 70% of U-87 MG cells 

associated with PEG10-1000-RGD particles after incubation for 24 h, as monitored by flow 

cytometry, indicating efficient targeting of cancer cells. In contrast, the PEG10-1000-RDG 

particles showed nonspecific interactions, resulting in ~25% of cell association after incubation 

for 24 h (Figure 2a). In an attempt to further decrease the nonspecific interactions, a higher 

PEG molecular weight was used. Figure 2b shows that the nonspecific interaction of PEG40-

1000-RDG particles was lower, with cell association decreasing to ~5%, whereas the specific 

targeting of PEG40-1000-RGD particles decreased to ~15%. This is consistent with our 

previous finding that using 8-arm PEG with a higher molecular weight as building block leads 

to higher resistance of the PEG particles to cellular interactions.9 Modulation of the targeting 

specificity of the PEG-RGD particles was then examined by tuning the peptide/8-arm-PEG-

NHS ratio. When increasing the peptide/8-arm-PEG-NHS ratio to 2:1, cell association of the 

resulting particles (denoted as PEG40-1000-RGD2) improved (~30%) (Figure 2b). In contrast, 

negligible cell association of PEG40-1000-RDG2 particles was observed (Figure 2b). 

Therefore, increasing the ratio of peptide to 8-arm-PEG-NHS did not negatively influence the 

stealth performance of the PEG particles in vitro, while still allowing for enhanced targeting. 
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Moreover, the RDG-functionalized PEG particles behaved similarly to the PEG particles, 

further confirming that the peptides did not reduce the stealth performance of the PEG particles 

in vitro. The maximum projection of CLSM images confirmed the above flow cytometry 

results. Fewer PEG10-1000 or PEG10-1000-RDG2 particles associated with U-87 MG cells, 

whereas more PEG10-1000-RGD2 particles (average three particles per cell) associated with 

U-87 MG cells (Figure 2c). PEG40-1000-RGD2 particles also associated with U-87 MG cells, 

whereas cell association was not observed for PEG40-1000 or PEG40-1000-RDG2 particles 

(Figure 2d). To examine the cell internalization of the PEG particles, cross-sectional CLSM 

images were analyzed (Figure S3). The PEG-RGD particles, which were labeled with AF488 

(green dots), were surrounded by the membrane (red) of the U-87 MG cells, demonstrating 

internalization of the PEG-RGD particles after cell targeting. 
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Figure 2. (a) Cell association of PEG10-1000-RGD and PEG10-1000-RDG particles. (b) Cell 

association of PEG40-1000, PEG40-1000-RDG, PEG40-1000-RGD, PEG40-1000-RDG2, and 

PEG40-1000-RGD2 particles. Data represent means ± standard deviations based on triplicate 

experiments. (c,d) CLSM images (maximum projection) of cell association of PEG particles 

with and without ligand functionalization. Particles (green) were labeled with AF488. Cell 

membranes (red) and nuclei (blue) were stained with WGA-AF594 and Hoechst 33342, 

respectively. Scale bars are 10 μm. (e) CLSM images (maximum projection) showing cell 
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association of PEG40-1000-RDG2 and PEG40-1000-RGD2 particles after incubation for 45 

min under flow. Particles (red) were labeled with AF647. Scale bars are 10 μm. 

Typically, to study targeted drug delivery in vivo, the drug carriers are intravenously injected 

and circulated under flow in the bloodstream. Microfluidic devices have been used to mimic in 

vivo microenvironments to study the behavior of nanoengineered particles under flow.37-41 To 

investigate the cell targeting of RGD-functionalized PEG particles under flow, we designed a 

microcirculation system consisting of a reservoir for cell media, a flow chamber where the cells 

are precultured, and a syringe pump connected via silicone tubing (Figure S4). PEG40-1000-

RGD2 or PEG40-1000-RDG2 particles at a concentration of 1.4 × 108 particles mL–1 (of media) 

(equivalent concentration to that used in the static cell culture condition) were examined in the 

microfluidic experiments. As observed by CLSM, the PEG40-1000-RGD2 particles targeted 

U-87 MG cells effectively under flow, whereas the PEG40-1000-RDG2 particles were stealthy 

under flow conditions (Figures 2e, S4 and Movies S1, S2), as consistent with the results from 

the static cell culture assay. 
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Figure 3. (a) Cell association of PEG40-110, PEG40-110-RDG2, and PEG40-110-RGD2 

particles. Data represent means ± standard deviations based on triplicate experiments. CLSM 

images (maximum projection) of cell association of (b) PEG40-110, (c) PEG40-110-RDG2, 

and (d) PEG40-110-RGD2 particles. Particles (green) were labeled with AF488. Cell 

membranes (red) and nuclei (blue) were stained with WGA-AF594 and Hoechst 33342, 

respectively. Scale bars are 10 μm. 

According to the above experiments, using a higher molecular weight of PEG (i.e., 40 kDa) 

and a higher ligand/8-arm-PEG-NHS ratio (i.e., 2:1) can balance stealth and cell targeting to 

simultaneously avoid nonspecific interactions and improve specific targeting in vitro. 

Therefore, PEG40-110-RGD2 and PEG40-110-RDG2 particles were used for investigating cell 

targeting in vitro and in vivo. Both PEG40-110 and PEG40-110-RDG2 particles displayed 

negligible cell association (Figure 3a), similarly to PEG40-1000-RDG2. In contrast, PEG40-
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110-RGD2 particles displayed 12% and 33% cell association after incubation for 6 and 24 h, 

respectively. These results indicate that RGD modification assists with targeting PEG particles 

to cancer cells regardless of particle size. Moreover, fewer PEG40-110-RGD2 particles (seven 

times less) were required to achieve the same cancer cell targeting performance as that achieved 

with PEG40-1000-RGD2 particles, thus highlighting the importance of small particle size for 

the improvement of cell targeting. In addition, CLSM images confirmed that significantly more 

PEG40-110-RGD2 particles could target cancer cells when compared with PEG40-110 and 

PEG40-110-RDG2 particles (Figure 3b–d). 

In Vivo Tumor Biodistribution. MCSs have been introduced as a versatile 3D model for 

tumor biology studies.42 To investigate tumor targeting and penetration in vitro, an MCS model 

derived from U-87 MG cells was chosen. As shown in Figure 4a, the MCSs have a spherical 

structure with an average diameter of 450 μm. After incubation with PEG40-110, PEG40-110-

RDG2, or PEG40-110-RGD2 particles, the MCSs were imaged using CLSM. Cell association 

was only observed for the PEG40-110-RGD2 particles (Figure 4a). Importantly, more than 90% 

of the associated particles was internalized by the U-87 MG cells, according to cross-sectional 

analysis of the CLSM images (Figure S5). The high level of internalization is likely due to 

RGD-specific αvβ3 integrin-mediated endocytosis. 
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Figure 4. (a) Multicellular spheroid association and (b) biodistribution of PEG40-110, PEG40-

110-RDG2, and PEG40-110-RGD2 particles. Cell membranes (green) were stained with 

WGA-AF488. Particles (red) were labeled with AF647. Scale bars are 100 μm. The 

biodistribution of the different PEG particles in various organs is shown at 48 h after 

intravenous injection. Data represent means ± standard deviations (n = 3). (c) Time-dependent 

in vivo fluorescence images of AF647-labeled PEG40-110, PEG40-110-RDG2, and PEG40-

110-RGD2 particles intravenously injected into mice with U-87 MG xenograft tumors. 

Surface modification of particles typically alters their surface chemistry and therefore 

influences their biological behavior.43,44 To investigate whether peptide modification 
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influenced tumor targeting of the PEG particles in vivo, PEG40-110, PEG40-110-RDG2, and 

PEG40-110-RGD2 particles were labeled with AF647 and intravenously injected into tumor-

bearing nude mice (n = 3). The main organs and tumors were harvested to measure the 

fluorescence signal at 48 h after intravenous injection. As shown in Figure 4b, the PEG40-110-

RGD2 particles displayed significantly higher specific tumor accumulation and higher 

nonspecific liver and spleen accumulation compared with the PEG40-110-RDG2 particles, 

which in turn had higher tumor, liver, and spleen accumulation than the PEG40-110 particles. 

Interestingly, these results suggest that translation from in vitro static or flow experiments to 

in vivo experiments is not straightforward, as some of the results differ. Namely, both types of 

peptide-modified PEG particles had higher nonspecific accumulation than the 

nonfunctionalized PEG particles. The modification of PEG particles with RGD or RDG will 

change the surface chemistry of the PEG particles and therefore influence their interactions 

with immune cells (e.g., monocytes or macrophages), which may affect their biodistribution in 

liver and spleen. The fluorescence images of the mice demonstrated that the PEG40-110-RGD2 

particles displayed higher accumulation (14% ID g–1) at the tumor site than the PEG40-110 (3% 

ID g–1) and PEG40-110-RDG2 (7% ID g–1) particles (Figure 4c). To demonstrate the 

distribution of the PEG40-110-RGD2 particles at the tumor site, the tumor was sectioned and 

stained for imaging. As shown in Figure S6, the PEG40-110-RGD2 particles could accumulate 

in the tumor via blood circulation and extravasation and could be internalized by tumor cells, 

as consistent with the results from the MCS association experiments.  

CONCLUSIONS 
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In summary, we engineered RGD-functionalized PEG particles using an MS templating 

method and investigated their biological behaviors. We specifically focused on optimizing the 

design and engineering process to balance the stealth and targeting properties of the particles. 

For the RGD-functionalized PEG particles, increasing the molecular weight of PEG decreased 

the targeting performance to U-87 MG cells, which could be balanced by increasing the RGD 

modification ratio. Compared with the nonfunctionalized PEG particles, the PEG-RGD 

particles effectively targeted cancer cells under both static and flow conditions, while the PEG 

and PEG-RDG particles maintained their stealth properties. RDG modification of the PEG 

particles increased nonspecific interactions and led to improved passive targeting in vivo. In 

contrast, RGD targeting allowed for higher tumor accumulation, while also increasing 

nonspecific liver and spleen accumulation. The RGD–integrin interaction occurs following 

delivery by blood circulation and extravasation, which facilitates the internalization of the 

PEG-RGD particles into αvβ3 integrin-bearing U-87 MG tumor cells. 

Our experiments show that moving from static cell culture to flow cell culture and spheroids 

gives consistent results for targeting and stealth. However, moving to the more complex 

biological environment of the circulatory system in vivo yields different results. For example, 

the stealth properties displayed by the PEG-RDG particles are similar to those displayed by the 

PEG particles in vitro, whereas the nonspecific accumulation is higher for the PEG-RDG 

particles than for the PEG particles in vivo. These discrepancies highlight challenges for 

successfully predicting translation from in vitro to in vivo systems. Overall, the reported 

targeted PEG particles represent a platform toward balancing nonspecific interactions with 
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targeting-induced cell internalization, which is favorable for the study of bio–nano interactions 

and improved drug delivery performance. 
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