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Abstract: 

Lymphatic vessels have recently been shown to effectively deliver immune modulatory therapies to the lymph 

nodes, which enhances their therapeutic efficacy. Prior work has shown that lymphatics transport 10–250 nm 

nanoparticles from peripheral tissues to the lymph node. However, the surface chemistry required to maximize 

this transport is poorly understood. Here, we determined the effect of surface poly(ethylene glycol) (PEG) 

density and size on nanoparticle transport across lymphatic endothelial cells (LECs) by differentially 

PEGylated model polystyrene nanoparticles. Using an established in-vitro lymphatic transport model, we found 

PEGylation improved the transport of 100 and 40 nm nanoparticles across LECs 50-fold compared to the 

unmodified nanoparticles and that transport is maximized when the PEG is in a dense brush conformation or 

high grafting density (Rf/D = 4.9). We also determined that these trends are not size-dependent. PEGylating 40 nm 

nanoparticles improved transport efficiency across LECs 68-fold compared to unmodified nanoparticles. We also 

found that PEGylated 100 nm and 40 nm nanoparticles accumulate in lymph nodes within 4 hours after intradermal 

injection, while unmodified nanoparticles accumulated minimally. Dense PEGylation also led nanoparticles to travel 

the furthest distance from the injection site. Finally, we determined that nanoparticles are transported via both 

paracellular and transcellular mechanisms, and that PEG conformation modulates the cellular transport mechanisms. 

Our results suggest that PEG conformation is crucial to maximize nanoparticle transport across LECs and into 

lymphatic vessels, making PEG density a crucial design. Optimizing PEG density on nanoparticle formulations 

has the potential to enhance immunotherapeutic and vaccine outcomes. 
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Introduction  

Lymphatic vessels exist throughout the entire body and are known for transporting cells, fluid, and particulates 

from peripheral tissues to the local draining lymph nodes (LNs), where the adaptive immune response is formed 

[1]. In recent years, lymphatics have received increasing attention as potential drug delivery targets to transport 

immune modulatory therapies to the LNs without requiring direct injections. Delivering immunotherapies, 

including vaccines, to the LNs has been shown to potentiate their therapeutic effects, particularly crucial as 

efficacy of many immunotherapies still requires improvement. Recent studies have demonstrated that 

nanoparticles between 10 - 250 nm in diameter are transported preferentially via lymphatic vessels from peripheral 

tissues to LNs, highlighting that the transport functions of lymphatics can be taken advantage of for drug delivery 

[2-5]. 

While the size required for lymphatic entry is well established, conflicting data about the nanoparticle surface 

chemistry required to maximize lymphatic transport exist. Early studies on how size affects nanoparticle delivery 

to LNs demonstrated that 20 nm poly(ethylene glycol) (PEG)-stabilized nanoparticles were able to reach, and 

remain within, lymph node-resident dendritic cells compared to larger 100 nm nanoparticles [2]. Another study 

on the effects of nanoparticle size found that large 500 - 2000 nm, virus-like nanoparticles were taken up by skin-

resident dendritic cells following intradermal injection, while smaller 50 - 200 nm virus-like nanoparticles were 

trafficked to the LNs via lymphatic drainage [3]. Combined, these initial studies provide evidence that the optimum 

nanoparticle size to reach LNs through lymphatic transport is within the 10 - 250 nm range.    

Early studies demonstrated that coating nanoparticles with certain poloxamines, PEG-polypropylene oxide 

copolymers, can enhance LN accumulation of nanoparticles after intradermal administration. It was hypothesized 

that PEG chain length may contribute to some poloxamines enhancing nanoparticle transport more than others 

[6]. One study comparing cationic liposomes and anionic poly(lactic-co-glycolic acid) (PLGA) nanoparticles 

demonstrated that cationic liposomes accumulate to a greater extent in the LN after subcutaneous injection, 

compared to anionic PLGA nanoparticles [5]. However, there is a large size discrepancy between the two 

systems: cationic 180 nm liposomes were well within the lymphatic targeting size range, while anionic 350 nm 

PLGA nanoparticles were likely too large to preferentially enter lymphatic vessels. Another study demonstrated 

that positively charged 30 nm polyethyleneimine-stearic acid micelles preferentially accumulated in draining LNs 

compared to free antigen [7]. Another group demonstrated that coating 200 nm poly(methacrylate) nanoparticles 

with PEG markedly improved LN accumulation of nanoparticles after 12 and 48 hours [8]. Researchers also 

found that 50, 100, and 200 nm PEG-coated nanoparticles accumulated more in the LNs after subcutaneous 

injection compared to uncoated PLGA nanoparticles of the same size, suggesting that hydrophilicity is vital to 

maximize lymphatic transport of nanoparticles [9]. However, in this study, the surface potential of PEGylated 

nanoparticles was only -36.1 ± 14.6 mV, suggesting that the PEG coating was not very dense, as the methoxy-

ended PEG would shield the negative charge of PLGA and reduce the nanoparticle surface potential. Similarly, 

researchers reported that PEGylation of poly-l-lysine dendrimers enhanced their transport to the LNs after 

subcutaneous injection. But it is unclear if the addition of PEG or the increase in size is primarily responsible for 

the improved LN accumulation, as dendrimers increased from 4 nm to 14 nm in diameter going from out of range 

to within range of size requirements for preferential transport by lymphatics [10]. Combined, these results 
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suggest that hydrophilicity through addition of PEG, for example, may be beneficial for enhancing nanoparticle 

transport by lymphatics, but also highlight the importance to more critically assess the effect of surface chemistry, 

particularly PEG density, on nanoparticle transport by lymphatics.  

PEGylating nanoparticles is a strategy that has been used extensively to enhance nanoparticle interactions with 

biological materials. PEGylation can improve nanoparticle drug delivery by reducing charge interactions with 

extracellular matrix and by preventing opsonization and phagocytosis by immune cells [11, 12]. Most notably, 

the chemotherapeutic drug doxorubicin, formulated as PEGylated liposomes, is one of the few FDA-approved 

nanoparticle treatments. The addition of PEG enhanced the circulation time of the chemotherapeutic, improving 

the overall efficacy [11-16]. PEG coatings can be optimized by modulating the density and molecular weight 

(MW) of PEG itself on the surface of nanoparticles. As PEG density on the nanoparticle surface is increased, 

the conformation of PEG transitions from a “mushroom” conformation that is more self-coiled to a “dense brush” 

conformation that is more linear, due to steric hindrances [17]. PEG conformation has been shown to be critical 

in enhancing nanoparticle transport across biological barriers. For example, to cross the mucus barrier, 

researchers have found that nanoparticles need to be in the “dense brush” conformation [18, 19]. Similarly, 

researchers have shown that only small (<100 nm) nanoparticles coated with PEG in the dense brush conformation 

effectively penetrate the interstitial tissue in the brain [20]. Additionally, tumor interstitial tissue penetration has 

also been improved by PEGylating nanoparticles: the addition of PEG to the surface of model, 60 nm negatively 

charged polystyrene (PS) nanoparticles (in an “intermediate brush” conformation) enhanced nanoparticle diffusion 

through breast cancer xenograft slices ex vivo compared to nanoparticles coated with PEG in the mushroom 

conformation [21]. These results demonstrate that the conformation of PEG on the surface is a key parameter 

that can affect nanoparticle delivery across biological barriers. However, how PEG density modulates 

nanoparticle transport by lymphatic vessels, and thus what the PEG density requirements are to maximize 

nanoparticle transport to the LNs and the mechanisms used by lymphatics to transport nanoparticles, remain 

poorly understood.  

Here, we investigated the effect of PEG surface density on nanoparticle transport by lymphatic vessels and 

identified the PEG density required to maximize nanoparticle transport. We generated a library of nanoparticles 

coated with varying PEG densities, thus different PEG conformations, and tested their transport by lymphatic 

endothelial cells (LECs) using an established in vitro lymphatic transport model and in vivo after intradermal 

injection in mice [22]. Our resulting nanoparticle design criteria maximize nanoparticle transport to the LNs via 

lymphatic vessels, and therefore may enhance efficacy of immunotherapies and streamline the design of 

lymphatic targeting nanoparticle formulations. 

Materials and Methods 

Nanoparticle formulation 

100 nm or 40 nm fluorescent carboxyl (COOH)-modified PS nanoparticles (Thermo Fisher Scientific, F8801) 

were covalently modified with 5 kDa MW methoxy-PEG-amine (NH2) (Creative PEGworks), as previously 

described [20]. Briefly, PS-COOH particles were suspended at 0.1% w/v in 200 mM borate buffer (pH = 8.2). 

Nanoparticles were generated with the following PEG concentrations: 350 µM (theoretical 100% PEG 

coverage of COOH groups), 175 µM (50% COOH groups), 87.5 µM (25% COOH groups), and 35 µM (10% 
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COOH groups). PEG was conjugated to nanoparticles using 7 mM N-Hydroxysulfosuccinimide (NHS) (Sigma) 

and 0.02 mM 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) (Invitrogen). The reaction was allowed 

to proceed on a rotary incubator at room temperature for at least 4 hours. Nanoparticles were collected using 

100k MWCO centrifugal filters (Amicon Ultra; Millipore) and washed with deionized (DI) water. Nanoparticles 

were resuspended at 1% w/v in DI water and stored at 4oC. 

Nanoparticle characterization 

Dynamic light scattering (DLS) was used to measure the hydrodynamic diameter and polydispersity index (PDI) 

of nanoparticles. Phase analysis light scattering (PALS) was used for measuring ζ-potential (NanoBrook Omni). 

Measurements were performed using a scattering angle of 90o at 25oC. Measurements were based on intensity 

of reflected light from scattered particles.  

PEG density characterization 

PEG density was determined using a previously published method [23]. Briefly, 5kDa PEG-NH2 (Creative 

PEGworks) conjugated to fluorescein isothiocyanate (FITC) was conjugated to fluorescent (AlexaFluor®555) 

100 nm carboxyl-modified nanoparticles. A FITC-PEG-NH2 standard curve was generated in DI water to 

calculate the PEG amount on the nanoparticle surface using a plate reader (Tecan Spark Multimode 

Microplate Reader). From these measurements, PEG grafting distance (D) and PEG density were estimated 

using the Flory radius of PEG (Rf). The Flory radius of a polymer chain is defined as Rf ~ αN3/5, where N is the 

degree of polymerization, and α is the effective monomer length. An unconstrained 5 kDa PEG chain has a Rf 

of 5.4 nm and occupies 22.7 nm2. PEG density and conformation can be correlated to the ratio of Rf/D, with 

Rf/D < 1-1.5 yielding a mushroom conformation, 1-1.5< Rf/D > 4 yielding a brush conformation, and Rf/D > 4 

yielding a dense brush conformation. 

Quantification of PEG on the surface of nanoparticles was performed using Fourier-Transform infrared (FTIR) 

spectroscopy (Vertex – 70 Bruker). PEGylated nanoparticle samples were scanned over a range of 400 – 

4000 cm-1. The peak corresponding to the C-O-C ester linkages found in PEG chains was identified at 1083 

cm-1 [24]. To quantify the amount of PEG on the surface of the nanoparticles, the intensity of the 1083 cm-1 

peak was measured for known amounts of PEG, and a standard curve was generated. Using the same 

calculations as above, the Rf/D value, which corresponds to the conformation of the PEG on the surface of a 

nanoparticle, was determined [24, 25]. 

Nanoparticle uptake 

Immortalized human LECs (hiLECs, [26]) were seeded at a density of 200,000 cells/cm2 onto collagen (Corning)- 

coated plates and cultured in endothelial growth media-2 (EGM2, Lonza) at 37oC and 5% CO2 overnight. hiLECs 

were incubated with 0.05% w/v nanoparticles for 3 h and uptake was assessed by flow cytometry or fluorescence 

microscopy. For fluorescence microscopy, samples were fixed with 2% paraformaldehyde (PFA, ThermoFisher) 

and imaged using a Zeiss Axio Observer. For flow cytometry, cells were released from the substrate using 

Accutase® (Innovative Cell Technologies), fixed with 2% PFA, and flow cytometry was performed using a BD 
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FACSelecta. Data was analyzed using FlowJo software (Tree Star) and FIJI (ImageJ).  

Lymphatic transport model 

Nanoparticle transport across LECs was assessed using an established in vitro model that recapitulates in 

vivo lymphatic transport [22]. Briefly, primary human dermal LECs (hLECs, Promocell C-12217) were seeded 

on 1.0 µm pore size, 12 mm transwell inserts (Falcon) at 200,000 cells/cm2 and cultured in EGM2 (Lonza) at 

37oC and 5% CO2 for 48 h. Cells were pretreated with 1 µm/s transmural flow to simulate the tissue 

microenvironment. hLECs were treated with 1% w/v nanoparticles on the apical side and the basolateral 

compartment was sampled every 3 h for up to 24 h. Fluorescence intensity was measured using a plate reader 

(Tecan) and nanoparticles transported was calculated using a standard curve. Transport experiments were 

performed in EGM2 without growth factors to avoid the confounding effects of growth factors. To probe the 

transport mechanism the following transport inhibitors were used: 100 nM Adrenomedullin (Abcam ab276417), 

62.5 µM Dynasore (Sigma D7693), or 62.5 µM Amiloride (Sigma A7410). Transport inhibitors were applied 2 

hours prior to introduction of nanoparticles. Effective permeability was estimated using the following equation:  

𝑃𝑒𝑓𝑓 =
𝐶𝑙𝑜𝑤𝑒𝑟𝑉𝑙𝑜𝑤𝑒𝑟

𝑡𝑆𝐶𝑖𝑛𝑖𝑡�̇�𝑎𝑙
, where C = concentration, Vlower = volume of the basolateral compartment, S = surface area, 

and t = time. hLEC monolayer integrity was confirmed after experiments using immunofluorescence. 

Immunofluorescence staining 

Cells were fixed in 2% PFA for 15 minutes and incubated with mouse anti-human VE-Cadherin (BD Sciences) 

at 4oC overnight. Secondary antibodies conjugated to Alexa Fluor® 488 or 647 were used for detection 

(Thermo Fisher). Slides were mounted using DAPI (4',6-diamidino-2- phenylindole)-containing Vectashield 

(Vector Laboratories Inc., Burlingame, CA) and imaged using a Zeiss Axio Observer. Image processing was 

performed using FIJI (NIH). 

C57Bl/6J lymphatic delivery model 

10 µL of 5 mg/mL, fluorescently-labeled nanoparticles was intradermally administered to female C57Bl/6J mice 

(8-12 weeks old) in their forelimbs. Fluorescence intensity was measured using IVIS Spectrum Fluorescent & 

Chemiluminescent Imaging System (Caliper Life Sciences) over a 12h time period. Mice were anesthetized with 

isoflurane prior to nanoparticle injection and during imaging. Mice were euthanized after the final time point (8 or 

12 h). Draining LNs were collected and homogenized to quantify the fluorescence signal from nanoparticles 

using a plate reader (Tecan). LNs were also fixed in 4% PFA for 6 hours and treated with a sucrose gradient. 

Tissues were then embedded within OCT (ThermoFisher), sectioned, and stained for FITC-B220 (BioLegend). 

Slides were mounted using DAPI (4',6-diamidino-2- phenylindole)-containing Vectashield (Vector Laboratories 

Inc., Burlingame, CA) and imaged using a Zeiss Axio Observer. Image processing was performed using FIJI 

(NIH).  All procedures were approved by the University of Maryland, College Park IACUC. 

Statistics 
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Group analysis was performed using a 2-way ANOVA, followed by Tukey’s post-test. Unpaired Student’s t-test 

was used to examine differences between only two groups. A value of p < 0.05 was considered significant 

(GraphPad). All data is presented as mean ± standard error of the mean (SEM). 

Results 

Increasing PEG density on nanoparticles neutralizes surface ζ-potential 

The conformation of PEG on the surface of nanoparticles has been shown to affect how the nanoparticle interacts 

with surrounding tissues and cells [20, 23, 27]. In this study, we generated differentially PEGylated nanoparticles 

to determine how tuning PEG grafting density modulated surface PEG conformation and nanoparticle transport 

by LECs. We generated PS-COOH nanoparticles with varying PEG density, Rf/D of 4.9 ± 0.1, 2.4 ± 0.1, 1.7 ± 

Figure 1: PEG grafted onto 

nanoparticles at different densities 

reduces surface charge. A) Rf/D 

values of PSPEG measured via 

fluorescence. B) Schematic of PEG 

conformation on a model solid 

nanoparticle. C) Fourier Transform 

Infrared (FTIR) spectrum of PEG 

grafted on the surface of the 

nanoparticle. D) Rf/D analysis as 

measured with FTIR. E)  Dynamic 

Light Scattering (DLS) measurement 

of PEGylated NP diameter and F) 

Phase Analysis Light Scattering 

(PALS) measurement of NP ζ – 

potential. Data shown as mean ± 

SEM (n = 3 – 6).  
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0.1, and 1.3 ± 0.1 (Fig 1A). These Rf/D values can be correlated to the conformation of PEG on the nanoparticle 

surface (Fig 1B). PEG grafting to the surface of the nanoparticle and Rf/D values were confirmed using FTIR 

(Fig 1C-D). The 1083 cm-1 peak corresponds to C-O-C ester linkages characteristic of PEG chains. FTIR spectra 

of the additional nanoparticle formulations can be seen in the supplemental materials (S1). As expected, we 

Figure 2: PEG Coating Improves Transport of 100 nm NP Across LECs. 

A) Schematic of transport model and representative image showing monolayer of LECs via VE-cadherin (green) and nuclei 

via DAPI (white). B) Representative images of LEC monolayer stained for VE-cadherin (green) and DAPI (blue) C) Percent 

of 100 nm NP transported across LEC monolayer over time.  D) Measured effective permeability (P
eff

) of LEC monolayer to 

NP formulations. Percent of NP transported across LEC monolayer at the 24-hour time point. E) Representative images of 

LEC monolayer stained for VE-cadherin (green) and DAPI (blue) treated with unmodified PS or PSPEG NPs (red).  (n = 3-4). 

F) Percent of 40 nm NP transported across LEC monolayer over time. Data presented as mean ± SEM (*p<0.05; **P<0.01; 

#P<0.01 comparing PSPEG
Rf/D=4.4

 and PSPEG
Rf/D=0.9

).  
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found that increasing PEG density on nanoparticles slightly increased their diameter: unmodified PS-COOH 

nanoparticles had a diameter of 108 ± 1 nm, while addition of PEG increased nanoparticle diameter to 120 – 150 

nm (Fig 1E). PEGylation also neutralized the negative surface charge of PS-COOH nanoparticles, from a ζ-

potential of -22.4 ± 3.3 mV to -2.9 ± 2.5 mV (Rf/D = 4.9), -5.1± 3.5 mV (Rf/D = 2.4), -4.7 ± 2.5 mV (Rf/D = 1.7), 

and -10.2 ± 6.6 mV (Rf/D = 1.3) (Fig 1F). In addition, we confirmed stability of PEGylated nanoparticle 

formulations in EGM-2 media over 24 hours to ensure no aggregation occurred during the experimental time 

(S2).   

Dense brush PEG coatings on nanoparticles maximize their transport across LECs  

We next sought to assess the effect of PEG density on nanoparticle transport by lymphatics. We used an in vitro 

transendothelial transport model (Fig 2A), where a monolayer of primary human LECs was cultured on the 

bottom of a collagen-coated transwell (Fig 2B) to simulate transport from the interstitium into the lymphatic vessel 

[22]. We found that the unmodified PS-COOH nanoparticles were minimally transported across LECs (0.03 ± 

0.03%, Fig 2B) while 1.4 ± 0.3 % of densely PEGylated PSPEGRf/D = 4.9 were transported after 6h (Fig 2B). By 

24h there was a ~90-fold increase in transport, with 4.2 ± 0.7% PSPEGRf/D = 4.9 vs 0.05 ± 0.05% PS-COOH 

transported (Fig 2A). We found that the effective permeability (Peff) of the monolayer to nanoparticles also 

increased from 0.02 ± 0.02 µL/hr-cm2 for PS-COOH to 1.9 ± 0.3 µL/hr-cm2 for PSPEGRf/D = 4.9, without affecting 

the endothelial integrity (Fig 2C-D). Interestingly, any addition of PEG significantly increased nanoparticle 

transport by LECs after 24h (Fig 2C), but 1 < Rf/D < 3 led to less transport than Rf/D = 4.9 (Fig 2C). We also 

found that both PEGylated and unmodified nanoparticles were internalized by LECs (Fig 2D). To further probe 

if the effects of PEG density on nanoparticle transport across LECs translate across different nanoparticle sizes, 

we modified 40 nm PS-COOH nanoparticles with PEG (S3). We found that higher PEG density on 40 nm 

nanoparticles (Rf/D = 4.4) enhanced nanoparticle transport across LECs compared to lower PEG density (Rf/D 

= 0.9) (Fig 2E). Mass balance of nanoparticles in the top and bottom well were confirmed with >95% recovered 

after 24 hours (S4). These results indicate that the addition of PEG enhances the transport of nanoparticles 

across lymphatics and that “dense brush” PEG coatings maximize this transport.  

PEG density on nanoparticles affects cellular mechanisms used by LECs to transport nanoparticles 

To elucidate the mechanisms used by LECs to transport nanoparticles, we first investigated how PEG density 

on nanoparticles affects their uptake by LECs, as uptake is the first step in transcellular transport of materials. 

Using fluorescence microscopy and flow cytometry, we found that uptake of all nanoparticles by hiLECs was 

comparable, as indicated by the similar median fluorescence intensities (MFI) and similar number of cells positive 

for nanoparticles (> 85% for all nanoparticles, Table 1) at 3h, 6h, and 8h. Next, we investigated the cellular 

mechanisms involved in this transport using small molecule transport inhibitors to block the different cellular 

mechanisms. Several cellular mechanisms have been shown to be involved in nanoparticle transport across 

cellular barriers, including macropinocytosis, clathrin and/or caveolin-mediated endocytosis (micropinocytosis), 

as well as paracellular transport. We used amiloride to block macropinocytosis, adrenomedullin to reduce 

paracellular transport (by tightening cell-cell junctions, Fig 3A), and dynasore to inhibit the dynamin motor 

required for vesicle-based micropinocytosis. We found that 100 nm PSPEGRf/D = 4.9 were not transported by 
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macropinocytosis (Fig 3B). However, both adrenomedullin and Dynasore reduced 100 nm PSPEGRf/D = 4.9 

transport (Fig 3B), suggesting that both paracellular transport and micropinocytosis mechanisms are involved in 

nanoparticle transport by lymphatics. We also found that for the low PEG density, 100 nm PSPEGRf/D=1.3 transport 

was reduced when each pathway was inhibited, suggesting paracellular transport, micropinocytosis, and 

macropinocytosis are all involved in transport of 100 nm PSPEGRf/D=1.3 across LECs (Fig 3C).  

  Incubation 
Time (h): 3 h  6 h 8 h 

NP type Rf/D MFI % NP+ 
LECs MFI % NP+ 

LECs MFI % NP+ 
LECs 

PSPEG 4.9 ± 0.1 1.16 ± 0.36  91 ± 1  1.27 ± 0.28 92 ± 1 1.11 ± 0.18 94 ± 1 
PSPEG 2.4 ± 0.1 0.93 ± 0.27  86 ± 1  1.02 ± 0.19 89 ± 2 1.05 ± 0.25 92 ± 2 
PSPEG 1.7 ± 0.1 0.91  ±  0.23  91 ± 1  0.93 ± 0.31 90 ± 1 1.12 ± 0.35 92 ± 4 
PSPEG 1.3 ± 0.1 0.93  ±  0.30  91 ± 1  1.05 ± 0.24 92 ± 1 0.98 ± 0.12 91 ± 2 

PS - 1.15 ± 0.23  91 ± 1  0.98 ± 0.17 91 ± 1 0.95 ± 0.27 89 ± 2 
 

 

To further probe the mechanisms of transport, and the nanoparticle characteristics regulating lymphatic 

transport, we used differentially PEGylated 40 nm nanoparticles (S2). When 40 nm densely PEGylated 

nanoparticles (PSPEGRf/D=4.4) were introduced to the transport model, we found that dynasore, adrenomedullin, 

and amiloride were each able to reduce transport (Fig 3D), suggesting that paracellular transport, 

micropinocytosis, and macropinocytosis are all involved in 40nm PSPEGRf/D=4.4 transport across LECs. The 

transport of the 40 nm PSPEGRf/D=0.9 was affected by transport inhibitors in a similar fashion as the 100 nm 

PSPEGRf/D = 4.9, with adrenomedullin and Dynasore reducing transport, but amiloride having no significant effect, 

(Fig 3E), suggesting that only micropinocytosis and paracellular transport are involved. To further investigate 

the specific micropinocytosis mechanisms, we used fluorescent microscopy to determine if nanoparticles 

colocalized with known endocytosis mediators. We found that 100 nm PEGylated nanoparticles colocalized with 

clathrin in LECs, suggesting that clathrin-mediated endocytosis is one of the mechanisms involved in 100 nm 

PSPEGRf/D = 4.9 transport by LECs (Fig 3F, S5). The mechanisms by which PEG density modulates nanoparticle 

transport mechanisms used by LECs are currently under investigation in our lab.  

Table 1: PEG conformation does not affect nanoparticle (NP) uptake in LECs. Median fluorescence intensity (MFI, imaging, n = 8) 

and % hiLECs positive for nanoparticles (flow cytometry, n = 3-4) after 3h., 6h, 8h.   
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Figure 3: LEC Both paracellular and transcellular transport mechanisms regulate Nanoparticle transport across LECs in-vitro.  

A) Trans-endothelial electrical resistance (TEER) of the LEC monolayer after treatment with transport inhibitors. B) Transport 

efficiency of 100 nm PSPEG
Rf/D=4.9 

nanoparticle in the presence of transport inhibitors. C) Transport efficiency of 100 nm 

PSPEG
Rf/D=1.3 

NP in the presence of transport inhibitors. D) Transport efficiency of 40 nm PSPEG
Rf/D=4.4 

nanoparticle in the presence 

of transport inhibitors. E) Transport efficiency of 40 nm PSPEG
Rf/D=0.9 

nanoparticle in the presence of transport inhibitors. F) Confocal 

fluorescence image of PSPEG
Rf/D=4.9 

within LECs treated with the vehicle control and G) confocal fluorescence image of 100 nm 

PSPEG
Rf/D=4.9 

within LECs treated with Dynasore Scale bar: 30 µm. (n = 3-4) Data presented as mean ± SEM (*p<0.05; **P<0.01).  
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Densely PEGylated nanoparticles accumulate in the LNs in vivo 

To confirm that our in vitro findings are representative of in vivo lymphatic transport, we probed nanoparticle 

accumulation in the LNs over 12 h after intradermal injection in mice. We found that minimal amounts of 100 nm 

PS-COOH nanoparticles were transported to the LNs even after 12 h, while 100 nm PSPEGRf/D = 4.9 nanoparticles 

were transported to the LNs as early as 4 h after injection (Fig 4A). We measured the distance from injection 

site and found that after 12 h, 100 nm PS-COOH beads traveled 0.24 ± 0.04 cm from the injection site, whereas 

100 nm PSPEGRf/D = 1.3 traveled 0.61 ± 0.01 cm from the injection site (Fig 4B). 100 nm PSPEGRf/D = 4.9 traveled 

the furthest from the injection site, measuring 0.73 ± 0.04 cm from the nanoparticle injection site. Distance 

traveled was significantly higher for 100 nm PSPEGRf/D=4.9 at 8 h and 12 h compared to both 100 nm PS-COOH 

and PSPEGRf/D=1.3. Both PEGylated 100 nm nanoparticle formulations significantly improved distance traveled 

compared to unmodified 100 nm PS-COOH nanoparticles (Fig 4B), further indicating that a dense coating of 

PEG optimizes transport of nanoparticles to LNs. When we quantified fluorescence in draining LNs, we found 

that both100 nm PSPEGRf/D=4.9 and PSPEGRf/D=1.3 accumulated in the LN after 8h whereas 100 nm PS-COOH 

had a significantly reduced signal (Fig 4C-F). To examine the size dependence on in-vivo transport we 

intradermally administered densely PEGylated 40 nm nanoparticles (PSPEGRf/D=4.4), sparsely PEGylated 40 nm 

nanoparticles (PSPEGRf/D=0.9), and 40 nm PS-COOH nanoparticles thenmeasured transport to draining LNs via 

IVIS. Like the 100 nm formulations, PEGylated 40 nm nanoparticles began to appear in draining LNs 4 h after 

intradermal injection (Fig 5A). Similar to our findings with 100 nm nanoparticles, the addition of some PEG 

increased the distance 40 nm nanoparticles traveled from 0.29 ± 0.05 cm by 40 nm PS-COOH to 0.69 ± 0.09 cm 

by 40 nm PSPEGRf/D=0.9. 40 nm PSPEGRf/D=4.4 were found to travel furthest from the injection site, with 0.88 ± 

0.06 cm after 12h (Fig 5B). When we quantified fluorescence in draining LNs, we found that both 40 nm 

PSPEGRf/D=4.4 and PSPEGRf/D=0.9 accumulated in the LN after 8h whereas 40 nm PS-COOH had a significantly 

lower signal (Fig 5D-F). We then examined nanoparticle localization within draining LNs using IF imaging. IF 

imaging confirmed IVIS results, with no PS-COOH signal observed in the LNs after 8h. PSPEGRf/D=4.9 was 

observed within the LN after 8h for both 40 nm and 100 nm nanoparticle sizes. PEGylated formulations appear 

to be localized within the subcapsular sinus, suggesting that lymphatic drainage through the afferent lymphatic 

vessels mediated transport to the LN (Fig 5C, 4C). 

 Figure 4: Dense-Brush PEG Coating Required for Improved Lymphatic Targeting In-Vivo  A) Representative 

images of intradermally injected 100nm NPs in C57Bl/6J mice up to 12h post injection measured using IVIS. White 

arrow indicates accumulation within lymph nodes. B) Nanoparticle transport measured as maximal distance of 

fluorescent signal from injection site. C) Lymph node sections stained for DAPI (nucleus) and B220 (B-cells) after 

injection of 100 nm PS or PSPEGRf/D=4.9 nanoparticles. D) Nanoparticle accumulation within LN measured as 

average fluorescence signal over the area of dissected LN (MFI/LN) and as E) Peak fluorescence signal. F) 

Fluorescence signal of homogenized lymph nodes.  (n = 6) Data presented as mean ± SEM (*p<0.05; **P<0.01, 

*** P<0.001; #P<0.01 comparing PSPEGRf/D=4.9 and PSPEGRf/D=1.3).  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 27, 2022. ; https://doi.org/10.1101/2020.08.01.232249doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.01.232249
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 27, 2022. ; https://doi.org/10.1101/2020.08.01.232249doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.01.232249
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 27, 2022. ; https://doi.org/10.1101/2020.08.01.232249doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.01.232249
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

Discussion 

In this work, we investigated the effects of PEG surface density on nanoparticle transport across lymphatics. We 

found that in vitro, addition of any amount of PEG to nanoparticle surfaces increased their transport across 

lymphatics compared to hydrophobic nanoparticles, and a “dense brush” of PEG (Rf/D > 4) on nanoparticles 

maximized this transport. We further found that densely PEGylated nanoparticles were more effectively 

transported to skin-draining LNs after intradermal injection compared to nanoparticles with lower or no PEG 

coating. Finally, we found that macropinocytosis, micropinocytosis, and paracellular transport mechanisms 

mediated transport of PEGylated nanoparticles across lymphatics, but that macropinocytosis did not occur in all 

PEG conformations. In summary, we identified that “dense brush” PEG coatings maximize nanoparticle transport 

into the lymphatics and thus the down-stream LNs.  

PEG has been used to modulate nanoparticle transport across endothelial barriers, including blood endothelium, 

lymphatic endothelium, and the blood-brain barrier. Generally, PEG has been shown to enhance systemic 

circulation and blood endothelium needs to be targeted using additional vectors such as ICAM1 or sugars that 

target specific ligands on the blood endothelium [28, 29]. This is likely due to the high flow rates in blood vessels 

that cause nanoparticles not to come into close contact with endothelial cells for long enough to allow uptake 

and transport across the endothelium [30, 31]. A recent study used 100 nm poly(lactic acid)-PEG nanoparticles 

with surface PEG ranging from 1 – 10 kDa to probe the effects of PEG MW on transcytosis across brain vascular 

endothelial monolayers [32]. PEG density on the surface of the nanoparticles was maintained at 17-20 

PEG/100nm2. It was found that the higher molecular weight PEG polymers displayed improved transport across 

the monolayers, with 60% translocation efficiency of nanoparticles coated with 5 kDa and 10 kDa MW PEG and 

only 20% translocation efficiency of nanoparticles coated with 1 kDa PEG. Interestingly, the maintained PEG 

density translates to Rf/D > 2 for nanoparticles coated with 5 kDa and 10 kDa, while Rf/D < 1 for 1 kDa coated 

nanoparticles, indicating that PEG on 1kDa nanoparticles was in mushroom conformation, while PEG was in 

brush conformation for 5 kDa and 10 kDa nanoparticles. Another study by Rabanel et al suggested that 5kDa 

PEG coatings increased uptake of nanoparticles into brain endothelial cells, but PEG MW did not have any effect 

on transport across them [33]. Kim et al demonstrated that PEGylating ionizable lipid nanoparticles reduced their 

uptake in the liver [34]. They hypothesized that this was due to reduced ApoE protein on the nanoparticle surface, 

which is one of the key mechanisms that leads to nanoparticle uptake in the liver. Additionally, work by Williams 

et al showed that PEG enhanced kidney accumulation of nanoparticles and that this was likely due to endocytosis 

Figure 5: Dense-Brush PEG Coating Required for Improved Lymphatic Targeting In-Vivo  A) Representative 

images of fluorescent signal from intradermally injected 40 nm NPs in C57Bl/6J mice at different times post injection 

measured using IVIS. White arrow indicates accumulation within lymph nodes. B) Transport measured as maximal 

distance of fluorescent signal from injection site.. C) Lymph node sections stained for DAPI (nucleus) and B220 (B-cells) 

with nanoparticles seen in red for 40 nm PS and PSPEGRf/D=4.4. D) Nanoparticle accumulation within LN measured as 

average fluorescence signal over the area of dissected LN (MFI/LN) and as E) peak fluorescence signal. F) 

Fluorescence signal of homogenized lymph nodes.  (n = 6) Data presented as mean ± SEM (*p<0.05; **P<0.01; #P<0.01 

comparing PSPEGRf/D=4.4 and PSPEGRf/D=0.9).  
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of nanoparticles by the peritubular endothelium [35]. Our findings showed that PEGylation enhances nanoparticle 

transport across LECs, suggesting that the type of endothelium and other factors such as contact time can affect 

whether PEG improves transendothelial transport of nanoparticles. For transport into lymphatic vessels, our 

findings that PEG enhances nanoparticle transport across lymphatics are corroborated by prior work indicating 

that nanoparticles and liposomes with PEG coatings (with undefined PEG densities) transport effectively to the 

LNs. Our work adds an additional layer of understanding that a high PEG density maximizes this transport [5-

10].  

Surface PEG conformation on nanoparticles has been shown to affect nanoparticle uptake by cells [36]. Several 

studies have shown that as PEG density increases on nanoparticles, uptake by macrophages and dendritic cells 

[37-42], as well as cancer cells [37, 43], is reduced. PEGylation appears to have differing results depending on 

the cell type – PEGylation reduces nanoparticle uptake by macrophages and dendritic cells, as indicated by 

studies demonstrating that PEG needed to be in a brush conformation to evade uptake and clearance by 

macrophages [41]. However, addition of PEG to the surface of nanoparticles increased their uptake by 

neutrophils [23] and several cancer cell types (HeLA, MDA-MB231, VK2) [37, 44]. Interestingly, several studies 

suggest that changes in protein corona on nanoparticle surface with changing PEG density may in part be 

responsible for modulating cellular uptake [36, 37, 39, 43].  One study demonstrated that without a protein 

corona, some PEG, but not high density/MW PEG, could increase uptake by prostate cancer cells compared to 

no PEG, and without protein, no PEG was optimal [43]. Another study demonstrated that a double layer of PEG, 

with a second layer having a mushroom conformation (low density of PEG, Rf/D < 1.5) reduced protein binding 

affinity but not total protein binding on the nanoparticle surface. They found that this second layer of PEG reduced 

nanoparticle uptake by liver sinusoidal endothelial cells [36]. In our studies, we found that PEG density did not 

affect nanoparticle uptake by LECs, and that it only modulated nanoparticle transport across LECs (Table 1). 

The non-phagocytic nature of LECs may account for some of these differences. Additionally, we are currently 

investigating effects of the protein corona on nanoparticle transport across lymphatics, as changes in protein 

corona appear to be strongly linked with differential uptake and transport of nanoparticles. 

Nanoparticle transport across biological barriers, like the endothelium, has been shown to be governed by 

macro- and micropinocytosis, as well as paracellular transport mechanisms. Studies have shown that larger 

nanoparticles (>200 nm in size) are transported across cellular barriers via macropinocytosis, while smaller 

nanoparticles are often transported by various mechanisms of micropinocytosis. Here, we found that densely 

PEGylated 130 nm nanoparticles are transported via micropinocytosis, likely clathrin-mediated endocytosis, and 

paracellular transport routes across LECs. This is consistent with prior studies showing that albumin, a 10 nm 

globular nanoparticle-like protein, is transported across lymphatics via both clathrin- and caveolin-mediated, as 

well as paracellular transport mechanisms. Additionally, researchers have demonstrated that macro- and 

micropinocytosis are involved in transport across endothelial cells in tumors and the blood brain barrier [45-51].   

Rabanel et al demonstrated that nanoparticles coated with 5 kDa PEG were taken up primarily via 

macropinocytosis pathways in brain endothelial cells [33]. Tehrani et al found that inhibiting micropinocytosis 

reduced transcytosis across brain endothelial cells by 60% for 5 kDa PEG-coated nanoparticles, while 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 27, 2022. ; https://doi.org/10.1101/2020.08.01.232249doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.01.232249
http://creativecommons.org/licenses/by-nc-nd/4.0/


transcytosis of 2 kDa PEG-coated nanoparticles was reduced only by 25% after inhibiting micropinocytosis [32]. 

These findings suggest that nanoparticle uptake and transcytosis pathways may differ with different MW and 

density of PEG, corroborating our findings. A study aiming to improve the circulating time of nanoparticles found 

that maintaining PEG surface conformation within the intermediate brush domain prevented non-Kupffer cell 

uptake in the liver. They observed that these intermediately PEGylated nanoparticles were the least preferentially 

taken up by endothelial cells, accounting for the improved circulation times, and the densely PEGylated 

nanoparticles were taken up at higher rates [36]. Additionally, studies have demonstrated that nanoparticle 

transport across brain microvascular endothelium can be enhanced by taking advantage of existing receptor- 

mediated transcytosis, such as that of albumin (clathrin/caveolin-dependent) [49, 52-55]. Altogether, a variety of 

factors appear to influence transendothelial transport mechanisms, and data from the literature and our study 

suggest that there may be differences in mechanisms depending on the tissue, type of endothelium, and 

pathological condition [51]. 

For nanoparticles to reach cells within a tissue, including lymphatic vessels, they need to cross the extracellular 

matrix (ECM). The ECM forms a hydrogel-like structure composed of fluid, solutes, fibrillar proteins, and 

proteoglycans, such as collagen. Studies on nanoparticle-ECM interactions have demonstrated that size, shape, 

and charge are key considerations when designing nanoparticle therapies that need to cross ECM barriers. 

Large nanoparticles are restricted from crossing the ECM barrier through steric hindrance via the mesh spacing 

produced by fibers within the ECM. This spacing can become extremely restrictive within tissues. For example, 

the basement membrane mesh of the subcapsular sinus of the LN forms a tight mesh that prevents molecules 

larger than 70 kDa from entering the LN via afferent lymphatic vessels [56]. This restrictive barrier can be 

observed in action in our study here, where IF images of LN slices show nanoparticles sequestered on the edge 

of the LN, within the subcapsular sinus. Restrictive extracellular spacing can be seen in many other tissues, with 

the spacing often estimated between 20-60 nm in diameter, suggesting that tissues are impermeable to >100 

nm sized particles [57]. However, this notion has been challenged recently: Nance et al have demonstrated that 

particles as large as 114 nm in diameter were able to diffuse within human and rat brain tissue. Indeed, their 

study highlighted that the pore size within in-vivo ECM is highly heterogenous, with them concluding that within 

the brain tissue samples, more than one quarter of all pores were >100 nm in diameter [20]. Our studies similarly 

suggest that skin ECM may be permeable to nanoparticles up to 150 nm in diameter.  

Surface chemistry is another key factor affecting nanoparticle transport across ECM barriers.  Several studies 

have demonstrated that nanoparticles with charge opposing that of the fibrous materials of a hydrogel, like ECM, 

have reduced diffusion within the gel or ECM space [58-62]. Additionally, some studies suggest that repulsive 

charges can enhance nanoparticle diffusion across ECM barriers compared to attractive charges, but this effect 

may be minimal [58-62]. Most studies indicate that neutral charge leads to the highest diffusion of nanoparticles 

across ECM [20, 60, 62], suggesting that PEGylating nanoparticles as we have done in our studies also 

enhances their transport across ECM. However, fewer studies have assessed how PEG density affects 

nanoparticle transport across the ECM. One study found that increased PEG density can enhance nanoparticle 

diffusion through collagen-based ECM materials [63], but this was not recapitulated in matrigel-based gels. 
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Furthermore in this study, PEG density changes are a result of using PEG chains with different molecular weights 

(MW), which could also affect diffusion, e.g., due to entanglement with ECM chains for larger MWs. Another 

study has demonstrated that increasing PEG density enhanced liposome diffusion in collagen-based ECM 

hydrogels [64], and similarly previous work has shown that dense PEG coatings enhanced nanoparticle diffusion 

through brain ECM [20]. In our studies here, we show that PEG density modulates nanoparticle transport to the 

LNs, which may be due to both reduced transport across lymphatic endothelial cells as well as ECM, based on 

these existing studies, and is a current topic of investigation in our lab.  

In summary, our study demonstrates that the addition of PEG to the surface of hydrophobic nanoparticles, 

particularly as dense PEG coatings (Rf/D >4), enhances nanoparticle transport into lymphatic vessels. Our 

results are consistent with prior work demonstrating that PEG enhances uptake and transport across other 

endothelial barriers as well as the cellular mechanisms involved in this transport. Our study is the first to directly 

correlate PEG density and efficiency of lymphatic transport of nanoparticles. Additionally, it is the first to 

demonstrate that densely PEGylated nanoparticles are transported via both micropinocytosis and paracellular 

transport mechanisms, but not macropinocytosis, by LECs. Furthermore, we demonstrated that PEG density 

and size can affect the cellular mechanisms used to transport nanoparticles across lymphatic barriers. Thus, our 

work highlights that dense PEG coatings are the optimal strategy to formulate nanoparticles that maximize 

transport across lymphatics and to the LNs. Our work also sheds new light onto the effects of PEG density on 

cellular mechanisms of nanoparticle transport. Our findings are particularly crucial for future development of 

immune modulatory therapeutic strategies.  
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Supplemental Figure 1: FTIR Spectra of 100 nm PSPEG Formulations:  

Representative spectra of PS, PSPEGRf/D = 1.3, PSPEGRf/D = 2.4, and PSPEGRf/D = 4.9 with 

ester linkage indicated at 1083 cm-1 peak. 
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Supplemental Image 2: 100 nm PSPEGRf/D=4.9 Stability Formulation Stability over Time in EGM-

2 

A) Dynamic Light Scattering (DLS) measurement of PEGylated NP diameter and B) Phase Analysis 

Light Scattering (PALS) measurement of NP ζ – potential over 24 hours. (n=5)  
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40 nm PEGylated Nanoparticles 

Supplemental Image 3: 40 nm PSPEG Formulation: 

A) Dynamic Light Scattering (DLS) measurement of PEGylated NP diameter and B) Phase Analysis 

Light Scattering (PALS) measurement of NP ζ – potential. Data shown as mean ± SEM (n = 4)  
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Supplemental Image 4: 

Percent of NP transported across 

LEC monolayer and in the top well 

after 24 hours for PSPEGRf/D=4.9. (n=4) 
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Supplemental Image 5: 

Confocal fluorescence image of PSPEGRf/D=4.9 within LECs treated with the vehicle control and of 

PSPEGRf/D=4.9 within LECs treated with Dynasore. Scale bar: 30 µm. (n  = 3-4) 
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