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Abstract: The concept of dual-ligand targeting has been around for quite some time, but still 

remains controversial due to the intricate interplay between so many different factors such as 

the choice of the dual ligands, the density, ratio and length matching of the two ligands, etc. 

Herein, we report the design of a combinatorial library of single and dual-ligand nanoparticles 

with systematic variation of ligand density, ligand ratios and lengths to fully understand their 

roles in determining their in vitro and in vivo targeting effectiveness. Folic acid (FA) and 

hyaluronic acid (HA) were used as two model targeting ligands. We found that the length 

matching and ligand ratio played critical roles in achieving the synergetic effect of the dual-

ligand targeting. When FA was presented on the nanoparticle surface through a 5K polyethylene 

glycol (PEG) chain, the dual ligand formulations using the HA with either 5K or 10K length 

did not show any targeting effect, but the right length of HA (7K) with a careful selection of 

the right ligand ratio (5 mol% FA, 2 mol% HA) did enhance the targeting effectiveness and 

specificity significantly. Further in vitro 3D tumor spheroid models and in vivo xenograft mice 

model confirmed the synergetic targeting effectiveness of the optimal dual-ligand formulation 
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(5F2H7K). This work provides a valuable insight into the design of dual-ligand targeting 

nanosystems. 

1. Introduction 

Over the past decades, cancer remains one of the leading causes of death worldwide. Most 

cancer chemotherapies lack tumor specificity and cause severe side effects.[1] Targeted delivery 

of toxic chemotherapeutic drugs to cancer cells promises to improve drug effectiveness and 

reduce side effects.[2] Nanoparticles (NPs), as promising drug carriers, can prolong drug 

circulation time through optimizing their properties such as size, charge, surface properties (e.g., 

PEGylation), thus promoting tumor-site accumulation by the enhanced permeability and 

retention (EPR) effect.[3]  NPs can also be functionalized with targeting ligands to enhance their 

specific binding to cancer cells or tissues through receptor-mediated interaction. However, most 

of the receptors are not exclusively overexpressed in cancer cells,  resulting in compromised 

targeting efficiency.[4-5]  

Dual-ligand targeting strategy has garnered increasing research interest over the past years. 

Quite a number of systems has been designed for consequentially targeting different cells or 

different cell components. Chen et al.[5] reported a dual-ligand nano-platform (AuNC-cRGD-

Apt) by conjugating gold nanocluster (AuNC) with a cyclic RGD (cRGD) peptide and an 

aptamer AS1411 (Apt) to consequentially target αvβ3 integrins overexpressed on tumor cell 

surfaces, and then nucleolin overexpressed in cytoplasm and nucleus of tumor cells. This 

AuNC-cRGD-Apt nanocarrier demonstrated high tumor specificity and deep tissue penetration. 

Xu et al.[6] developed hyperbranched amphiphilic copolymer (HPAE-co-PLA/DPPE) NPs 

functionalized with RGD peptide (cRGDfK) and transferrin (Tf) to target tumor vasculature 

and tumor cells, respectively, showing enhanced in vitro cytotoxicity efficiency.  

On the other hand, dual-ligand modified NPs can be designed to target two different receptors 

on the same cancer cells thus achieving a synergistic effect of the dual targeting, as cancer cells 

often do not overexpress one but multiple surface receptors. Levine and Kokkoli[7] designed a 
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PR_b peptide/ AG86 peptide dual-targeting heteromultivalent liposome system for gene 

delivery with the PR_b peptide targeting the overexpressed α5β1 integrin and the AG86 peptide 

targeting the α6β4 integrin. The optimized liposome formulation achieved efficient and selective 

transfection in the dual-receptor expressing cancer cells. Saul et al.[4] synthesized doxorubicin-

loaded liposomes decorated with two targeting ligands, that is, folic acid for folate receptor and 

a monoclonal antibody against the epidermal growth factor receptor (EGFR). The optimized 

dual-ligand formulation showed a three-fold selectivity enhancement as compared to non-

targeted liposomes, indicating its capability of achieving high toxicity in target cells with two 

receptors, while sparing those healthy cells with one or without any receptors. However, the 

dual-ligand strategy does not always live up to the high expectation, and some studies showed 

that the dual-ligand targeting did not offer significant advantages over the single-ligand 

targeting especially in in vivo models.[8-10] Sawant et al.[10] reported a dual-ligand poly (ethylene 

glycol)–phosphatidylethanolamine micelle system modified with transferrin (Tf) and 

monoclonal antibody (mAb) 2C5, but the dual-ligand formulation did not show enhanced 

effectiveness in vivo. They explained that further optimization of the ratio of these two ligands 

might be essential for their future studies. Aside from the ratio of the two ligands, there are also 

many other factors affecting the targeting effectiveness of dual-ligand formulations, such as 

particle size, charge, ligand density and affinity of ligands to receptors, etc., and a careful 

optimization of these parameters is critical. Also, both transferrin and mAb 2C5 are large 

biomolecules, so they should be presented on the particle surface with the right conformation 

and orientation to retain their biological functions. Therefore, robust targeting ligands, such as 

small molecules or polysaccharides, are more appealing.  

Folic acid (FA)[11-16] is one of the most promising targeting ligands, and has been extensively 

studied to target the folate receptor, which is overexpressed on many kinds of cancer cells 

including brain, breast, cervical, colorectal, epithelial, kidney, lung, and more than 90% ovarian 

cancer cells.[17] FA, as a small molecular targeting ligand, is cheap, nontoxic, stable and easy to 
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conjugate and characterize. Hyaluronic acid (HA), a natural polysaccharide, [18-22] has also 

attracted significant interest for targeted drug delivery.[23] HA binds to the CD44, which is 

overexpressed in several malignant tumor cells of high metastatic potency, such as breast, 

bladder, colon, oesophageal, ovarian and prostate cancers.[24] More interestingly, these two 

receptors (FA and CD44) have been reported to be co-overexpressed on several cancer types, 

such as breast and ovarian cancers.[25-26] Liu et al. synthesized HA micelles conjugated with 

6.8% of FA.[20, 27] Similarly Lee et al. fabricated HA-ceramide NPs with 6.5% FA for the dual-

targeting.[28] At this instance, it is very hard to vary the density of HA on the particle surface. 

Wang et al. prepared paclitaxel (PTX) - baicalein (BCL) NP drug-delivery system containing 

dual-targeted ligands of FA and HA. The densities of the two ligands were varied[29], and the 

size of HA was not mentioned.      

However, experimental results[4, 7, 10] and computational simulation[8, 30] have demonstrated 

the critical roles of ligand density and ligand ratio, along with other factors, such as length 

matching of the two ligands and the interactions (e.g., hydrophobic interactions and electrostatic 

interactions) between the two ligands, in determining their dual-targeting effectiveness. 

Therefore, it is crucial to prepare a combinatorial NP library with a systematical change of 

different parameters (ligand lengths, ratios, densities) to screen the optimal dual-ligand 

formulation.[26] However, it remains a challenge to precisely control ligand density and ligand 

ratio by using traditional multiple-step post-conjugation methods.[9]  

  Here, we designed a dual-ligand targeting system with folic acid (FA) and hyaluronic acid 

(HA) as the two targeting ligands, to systematically study the effects of critical factors including 

ligand density, ratio, and length on in vitro and in vivo targeting efficiency. Biodegradable poly 

(D, L-lactic-co-glycolic acid) (PLGA) is a promising candidate to make NPs for drug delivery 

due to its unique properties like biocompatibility, nontoxicity and versatile degradation 

kinetics.[31] PEGylation has been widely used to evade the immune system thus to achieve the 

long circulation time.[32] So in this study, we self-assembled PLGA-PEG NPs to form a model 
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NP. A combinatorial library of single and dual-ligand PLGA-PEG formulations with various 

ligand density, ratios, and lengths was prepared using a one-step microfluidic device. These 

libraries of NPs were systemically studied in vitro using two-dimensional (2D) cell monolayer 

models to select the best single-ligand and dual-ligand formulations with highest targeting 

specificity. Three optimized formulations, including the optimal FA single-ligand formulation 

(5 mol% of FA), the optimal HA single-ligand formulation (2 mol% of HA), and the optimal 

dual-ligand formulation (5 mol% FA and 2 mol% HA), were further investigated using three-

dimensional (3D) tumor spheroid models and tumor-bearing mouse models to compare their in 

vitro and in vivo tumor targeting effectiveness with the untargeted PLGA-PEG NPs as the 

negative control. Also, as the length of HA is critical for their targeting efficiency, three 

different lengths of HA (5, 7 and 10 K) were also explored. 

2. Results and Discussion 

2.1 Design of the dual-ligand targeting system 

Our previous studies demonstrated PLGA-PEG NPs can be synthesized using flow-focusing 

microfluidics with well-controlled size and surface properties by controlling the design of the 

microfluidic device, the flow rate ratio, the molecular weight of PLGA and the concentration 

of PLGA (Figure S1A).[33] In this paper, we used PLGA-PEG with the molecular weight of 55 

kDa for PLGA and 5 kDa for PEG. This combination of molecular weights allows the formation 

of NPs below 200 nm. Also, 5 kDa of PEG has been reported to have perfect steric effect and 

possible long circulation time.[34] To incorporate FA in the NPs, PLGA-PEG-FA was 

synthesized. By varying the initial ratio of PLGA-PEG-FA to PLGA-PEG, single-ligand 

targeting NPs with varied FA densities can be obtained. HA, as a polysaccharide, has various 

molecular weights which have been demonstrated to have significant effect on their targeting 

effectiveness. Instead of conjugating HA on the particles surface, we conjugated HA directly 

with PLGA to get the polymer precursor PLGA-HA. The HA oligosaccharide with six 

monosaccharides (HA6) is considered as the minimum oligomer size for effective binding to 
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CD44, because a single binding site for the CD44/HA engagement can accommodate 6~10 

sugar residues. HA with 6 to 18 monosaccharides (HA6~18) may act as monovalent ligands for 

CD44/ HA binding, while HA with 22 to 38 monosaccharides (HA22~38) serves as multivalent 

ligands.[25] The bindings between CD44 and HA occur at the cell surface of CD44 positive cells, 

where the highly repeating disaccharide chains of HA can interact with multiple, closely arrayed 

receptors (CD44). The affinity of multivalent CD44/HA bindings is higher than that of 

monovalent binding between CD44 and HA.[25] Based on these early theories, we selected HA 

oligosaccharides having defined sizes (Mw) of 5 kDa (HA5K), 7 kDa (HA7K) and 10 kDa 

(HA10K) as the short, medium-length and long ligands to evaluate the effect of ligand length on 

dual-ligand targeting. The HA5K, HA7K and HA10K had about 26 monosaccharides (HA26), 36 

monosaccharides (HA36) and 52 monosaccharides (HA52), respectively. As the length of PEG 

is 5 K, the minimum HA length should be longer than 5 K so that it becomes accessible on the 

surface of PLGA-PEG NPs.  

Experimental and computational studies [8, 30, 35] have investigated the interaction between 

NPs and cells, and found that when NPs came in contact with cells, they induced cell membrane 

deformation. Depending on how much the deformation is, NPs could be wrapped partially or 

completely by cell membranes. The specific binding between targeting ligands and cell surface 

receptors could enhance the wrapping process by increasing the engulfment degree or speeding 

up the deformation thus promoting faster cellular uptake. Because of the synergistic effect of 

two ligands, the specific binding of dual-ligand targeted NPs may be stronger than that of the 

single-ligand ones (Figure 1A). Therefore, we proposed a hypothetical mechanism for the dual-

ligand targeted NPs formulations having different lengths of HA (Figure 1B). The monovalent 

binding size of HA is about 6 to 18 monosaccharides (HA6~18)[25], and the HA5K (ligand 1) has 

only 26 monosaccharides. Although the molecular weight of HA5K is similar to that of the FA-

PEG5K, HA5K is not accessible for its efficient binding to receptors (CD44) on the cell surface. 

For very long ligand (HA10K), its length is doubled the FA-PEG5K, so the exposed extra sugar 
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chain (HA26) is long enough for multivalent binding, which would be optimal, but it may 

interfere with the FA thus leading to compromized binding efficiency.  

For the medium-length ligand (HA7K) group (containing 36 monosaccharides), the exposed 

sugar chain is about 10~12 monosaccharide long. This exposed chain is enough for the optimal 

monovalent binding to the CD44[25], so both ligands may target their receptors at the same time 

to achieve synergistic effects. Further in vitro and in vivo experiments were conducted to 

explore the effects of single-ligand densities, dual-ligands ratios as well as HA lengths. 

 

Figure 1. Schematic illustration of (A) The interaction between the cell membrane and NPs 
with different ligand decorations (B) Targeting mechanism of dual-ligand NPs with different 
ligand length. 
 
2.2. Synthesis and characterization of plain, single and dual-ligand NPs 

2.2.1. Microfluidic synthesis of plain, single and dual-ligand NPs 

The ligand conjugated polymers (HA5K-PLGA, HA7K-PLGA, HA10K-PLGA and FA-PEG5K-

PLGA) were synthesized by conjugating HA-NHS and FA-PEG5K-NH2 with PLGA-NH2 and 
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PLGA-NHS, respectively, using EDC/NHS chemistry (Figure S1B and Figure S1C). The HA-

NHS was modified with PLGA-NH2 using the random modification method due to the 

difficulties in carrying out selective modification on the end group of HA. In this case, the 

effective lengths for HA5K, HA7K and HA10K would be 2.5-5 K, 3.5-7 K, 5-10 K, respectively, 

considering conditions where conjugation occurs at the middle of the chain. Therefore, they 

still have different exposed length and can be used as a model to analyze the effect of ligand 

length. With this assumption, the exposed HA length (as the PEG is 5K) for HA5K group is HA0, 

for HA7K group is HA0~12 and for the HA10K group is HA0~26.  

The successful synthesis of these conjugated polymers was confirmed by 1H-NMR and FT-

IR (Figure S2). In the 1H NMR spectra, the peak (3) at 5.2 ppm corresponds to the CH protons 

of the PLA block; the peak (4) at 4.8 ppm corresponds to the CH2 protons of the PGA block; 

and the peak (5) at 1.46 ppm corresponds to the methyl (3H, -CH3) of PLGA (Figure S2A1 

and Figure S2A2). The characteristic peak (1) of N-acetyl group and the peaks (2) of glucosidic 

H in the HA7K chain were detected at 1.80 ppm and 2.85-4.55 ppm respectively (Figure S2A1). 

The conjugation efficiencies of HA-PLGA with three sizes (5K, 7K and 10K) were all about 

75% based on the integral of the 1H NMR spectra.  

Comparing the 1H NMR spectra of FA-PEG-PLGA (Figure S2A2) with that of NH2-PEG-

FA (Figure S2A3), both have similar peaks (peaks 6-13) with a characteristic peak (8) at 3.6 

ppm corresponding to the CH2 protons of the PEG block, and the characteristic peaks of FA at 

peaks (9–12) representing the aromatic protons and pteridine proton of folate. The peaks (6) at 

3.3 ppm and (7) at 2.5 ppm correspond to residual water and DMSO as DMSO-d6 was used as 

the solvent. However, the characteristic peaks (3-5) of PLGA can only be observed in the 

spectra of FA-PEG-PLGA, suggesting the existence of folate, PEG, and PLGA in the FA-PEG-

PLGA sample. The conjugation efficiency of FA-PEG-PLGA was about 80% based on the 

integral of 1H NMR spectra. 
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In the FT-IR spectra of FA-PEG-PLGA (Figure S2B), the characteristic absorption band at 

1751 cm−1 indicated the presence carbonyl (-C=O) group from the PLGA. The C–O ether band 

of PEG was observed at 1087 cm−1. The absorption peak at 2879 cm−1 showed the aromatic C–

H stretching of the folate ligand. The most significant absorption peaks were the amide I (-CO) 

band at 1627 cm−1 and the amide II (-NH) band at 1576 cm−1 confirming the successful 

conjugation of FA-PEG to PLGA. In the FT-IR spectra of HA-NHS (Figure S2C2), new peaks 

(as compared with HA7k spectra) appear at 1708 and 1650 cm-1, respectively, which were 

attributed to the carbonyl (-C=O) and N-O groups of the NHS-ester suggesting the successful 

activation of the HA. The characteristic carbonyl (-C=O) group in PLGA was observed at 1751 

cm−1 (Figure S2C3). The presence of the amide I (-CO) band at 1656 cm−1 and the amide II (-

NH) band at 1558 cm−1 (Figure S2C3) also demonstrated the successful conjugation of HA-

NHS and PLGA-NH2.  

Figure 2 shows the flow-focusing microfluidic device we used for synthesizing the plain 

(PLGA-PEG), single-ligand (PLGA-PEG-FA, PLGA-PEG-HA) and dual-ligand (PLGA-PEG-

FA/HA) NPs. Briefly, polymers and imaging agents were dissolved in a solvent. When this 

solvent phase introduced from the middle horizontal channel meets the water phase (either 

water or buffer solution) from the vertical channels, a narrow stream forms in the middle of the 

channel. Because of the formation of the narrow polymer stream confined by the two side water 

streams, the rapid diffusion of acetonitrile to the water phase decreases the solubility of the 

polymeric precursors significantly, thus precipitating the polymers out to form polymeric 

NPs.[31] Depending on the components in the solvent solution, different NPs can be produced. 

For example, to synthesize the dual-ligand formulation 5F2H7K in the 7 K HA group (5 mol % 

FA and 2 mol % 7 kDa HA dual-ligand PLGA-PEG NPs), the solvent solution contained 93 

mol % PLGA-PEG5K, 5 mol % PLGA-PEG5K-FA, 2 mol % PLGA-HA7k copolymers and DiI 

(20 µg/ mL). The DiI was used as the imaging agent for cellular uptake experiments. Based on 

this strategy, all of the plain, single and dual-ligand NPs in this study were synthesized using 
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this one-step hydrodynamic flow focusing method in the same microfluidic device. The density 

of PEG and targeting ligand (FA or HA) was tuned by changing the concentration ratio of the 

polymer precursors. The total concentration of the polymer precursors remained constant for 

all the experimental conditions, that is, 500 µM, while the concentration of fluorescent dye DiI 

was 20 µg/ mL, and the flow rates of solvent and water were kept at 4 and 10 µL/min, 

respectively, for preparing all formulations.   

Traditional methods for synthesizing dual-ligand NPs involve multiple steps, including 

particles synthesis, surface modification, PEGylation, and then conjugation of two targeting 

ligands consequentially, leading to the formation of dual-ligand NPs with uncontrolled surface 

properties (density and ratio of the two targeting ligands) and poor batch-to-batch 

reproducibility. In contrast to the traditional multi-step methods, we carried out a one-step 

microfluidic method, which can synthesize single and dual-ligand NPs libraries with precisely 

controlled and systematically varied properties, which is critical for screening the optimal dual-

ligand formulations.[36] 

2.2.2. Nanoparticle size and surface properties 

The particle size and surface property are critical for drug delivery as they affect their 

circulation time as well as their in vivo fate. NPs with sizes ranging from 20 to 150 nm are 

considered as optimal for cancer drug delivery.[37] The plain, single-ligand and dual-ligand NPs 

synthesized by the one-step microfluidic method were characterized using Dynamic Light 

Scattering (DLS, Tables S1, S2 and S3) and Transmission Electron Microscopy (TEM, Figure 

2). All the NPs have sizes around 70~90 nm, low polydispersity index (0.053~0.221) and 

slightly negative charge (-7.8~-25.9 mV). Four NPs including the PLGA-PEG (plain NPs), 5F 

(5 mol % FA single-ligand NPs), 2H7K (2 mol % 7 kDa HA single-ligand NPs) and 5F2H7K (5 

mol % FA and 2 mol % 7 kDa HA dual-ligand NPs) with medium HA length, were observed 

under TEM. Figure 2 shows uniform and monodispersed NPs having spherical core-shell 

morphology, and dim lunar halo-like PEG layers can be observed around the PLGA cores. 
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When looking more closely, we can find that the PEG layers of the PLGA-PEG NPs looked 

more dense and smooth than other three formulations which had jagged PEG layers, reflecting 

the different compositions of the PEG layer.  

 
 

 
Figure 2. (A) Schematic illustration of the hydrodynamic flow-focusing microfluidic device 
for synthesizing the polymeric nanoparticles. The width of the microchannel is 20 µm, the 
height is 100 µm, and the total length of the central channel is 1 cm. TEM images of (B) PLGA-
PEG NPs (C) 5F NPs (D) 2H7K NPs and (E) 5F2H7K NPs. Scale bars represent 100 nm. 
 

2.3. Effect of ligand density of the single-ligand targeted NPs on targeting efficiency  

We first synthesized FA single-ligand targeted NPs with five different FA molar ratios (molar 

concentration of FA-PEG-PLGA/total polymer molar concentration) including 2, 5, 10, 20, and 

30 mol%. In order to investigate the effect of the ligand density on monolayer cellular uptake, 

SKOV3 and MCF7 cell lines were used as the receptor positive and negative cell lines, 
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respectively, based on the FA-receptor expression tests (Figure S5A). There have been 

contradictory reports about FA-receptor expression level in MCF7 cells. Some researchers used 

MCF7 cells as FA positive cells[27] while others used them as a negative control.[38] [39] Based 

on our results (Figure S5A), MCF7 cells had a negligible level of FA-receptor expression, so 

they were used as the negative control in our study. Macrophage cells are a type of white blood 

cells involved in innate immunity, and they recognize and destroy cell debris and foreign 

substances, such as pathogens and particles. Therefore, macrophage cells (RAW264.7) were 

used in this study to investigate the immune evasion capabilities of these NPs, which is critical 

for long circulation time, thus offering a better chance to accumulate at the tumor sites.  

Figure 3 shows the flow cytometry results of the cellular uptake of plain PLGA-PEG NPs, 

2F (2 mol % FA), 5F, 10F, 20F, 30F and with free FA inhibition. Cells incubated with culture 

medium without NPs were regarded as the blank. For the FA inhibition group, free FA was 

added along with the FA-targeted PLGA NPs at a concentration 1000 times higher. All the NPs 

in the FA single-ligand group had a relatively low RAW264.7 uptake, implying that the 

incorporation of FA ligand did not have adverse effects on their macrophage uptake. This is 

probably due to the steric effect of the PEG on the particle surface which decreases non-specific 

protein-protein interaction and non-specific protein-cell interactions, while maintaining their 

colloidal stability under physiological conditions.[32] [40] The cellular uptake of the FA single-

ligand NPs by MCF7 cells was similar to that of the plain PLGA-PEG NPs. This is what we 

expected, as the MCF7 cells do not have FA receptors on their surface. In contrast, the 2F, 5F, 

and 10F targeted formulations showed enhanced SKOV3 cellular uptake (p < 0.001) in 

comparison with the non-targeted plain NPs, and adding free FA inhibited the uptake to a 

similar level as that of the plain NPs. This result indicates the receptor-mediated endocytosis of 

the FA single-ligand NPs by the SKOV3 cells. Additionally, the significant increase in the 

SKOV3 cellular uptake was only observed for the FA density in the range of 2 to 10 mol %. 

Further increasing the FA density to 20 or 30 mol % adversely affected the uptake to a minimum 
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level at 30 mol % (only 49% increase than plain NPs). These results were consistent with Kang 

et al.’s work on FA-targeted liposomes. They also found an optimum FA density, and an 

additional increase of the FA density, on the contrary, decreased the cellular uptake.[41] 

Therefore, three ligand densities, that is, 2, 5 and 10 mol % were selected for further studies.  

 
Figure 3. Cellular uptake of DiI labeled FA-targeted PLGA nanoparticles by SKOV3, MCF7, 
and RAW264.7 cells. ***, **, * represents statistically significant difference (p < 0.001, p < 
0.01 and p < 0.05).  N.S. represents no statistically significant difference (Mean ± SD, n = 3). 

 

2.4. Optimization of ligand ratio and ligand length for dual-ligand targeted NPs 

As aforementioned, SKOV3 was used as the FA-receptor-positive cell line, and MCF7 and 

RAW264.7 were used as the negative controls in this study. We further tested the expression 

of CD44 on these three cell lines. SKOV3 cells showed a high level of CD44 expression (with 

68 times increase, Figure S5B), whereas RAW264.7 and MCF7 cells demonstrated relatively 

low (with only 7 times increase) and negligible expression levels of CD44, respectively. 

Therefore, SKOV3 cells were used as the double positive cells for both FA and HA receptors; 

RAW264.7 cells were used as the single positive cells; and MCF7 cells were used as the double 

negative cells. We hypothesize that an optimal dual-ligand formulation can achieve optimal 

targeting specificity, that is, to achieve the maximum cell uptake for double positive cells (FA 

receptor and CD44 positive SKOV3 cells) and minimum cell uptake for single positive 
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RAW264.7 cells and double negative MCF7 cells. As the molecular weight of HA is very 

important, short, medium length and long HA ligand were studied. To find the best formulation, 

we compared three FA single-ligand NPs formulations (2F, 5F and 10F), three HA single-ligand 

NPs formulations (2H, 5H and 10H), and nine dual-ligand NPs formulations with different 

FA/HA molar ratios (2F2H, 2F5H, 2F10H, 5F2H, 5F5H, 5F10H, 10F2H, 10F5H and 10F10H). 

Similar to the definition of FA single-ligand NPs formulations, 2H represents 2 mol % HA 

single-ligand NPs, and 5F2H represents 5 mol % FA and 2 mol % HA dual-ligand NPs.  

2.4.1 Short ligand (HA5K) group  

We first investigated the different formulations in the short ligand HA5K group. Figure 4 shows 

the normalized cell uptake results for the FA/HA single-ligand formulations with ligand 

concentrations of 2, 5, and 10 mol % and full factorial analyses of the dual-ligand formulations 

with different FA/HA molar ratios. The median fluorescence intensity (Y-axis) of cellular 

uptake of all the formulations was normalized against the plain (PLGA-PEG) sample to make 

it easier to compare their cellular uptake by MCF7, SKOV3 and RAW264.7 cells. For the HA5K 

single-ligand formulations (Figure 4A), their cellular uptake by SKOV3 cells was much lower 

than the FA single-ligand formulations, probably because the HA5K was not long enough to 

bind to the HA receptor (CD44). For the single positive RAW264.7 cells and double negative 

MCF7 cells, the cellular uptake of HA5k single-ligand formulations was similar to that of the 

plain formulation. No dual-ligand formulations in this HA5K group showed higher cellular 

uptake than the FA single-ligand formulation. This is somewhat unsurprising as the HA5K on 

the NPs’ surface has a similar length as that of the PEG5K-FA, but even the monovalent binding 

to the CD44 requires about 6 to 18 monosaccharides (HA6~18) (Figure S6). 

2.4.2 Long ligand (HA10K) group 

We used HA with the molecular weight of up to 10 kDa to study the effect of long ligand on 

their cellular uptake (Figure 4B). For the HA10K single-ligand formulations (2H10K, 5H10K, and 

10H10K), the cellular uptake by all the three types of cells decreased with the increasing HA 
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concentration from 2 to 10 mol%, and all the three cells had similar level of cellular uptake. 

None of the dual-ligand formulations exhibited targeting effects in comparison with the FA 

single-ligand formulations. For all the dual-ligand formulations in this group, their cellular 

uptakes by SKOV3 cells were much lower than all the FA single-ligand formulations, indicating 

the negative interactions between the FA ligands and the long chain HA, thus making the FA 

ligands unable to bind to the FA receptors on the SKOV3 cells. 

Interestingly, the 5F10H10K (257% of the plain PLGA-PEG), 10F5H10K (238.4%) and 

10F10H10K (245.9%) formulations were taken up more efficiently by the MCF7 cells. It may 

be due to the high expression of hyaluronidase (Hyal1) on the breast cancer cell line (MCF7), 

which can act as a target.[36] It is also interesting to find that the internalization of 5F10H10K by 

MCF7 cells was significantly higher than that of 10H10K and 2F10H10K. For this long ligand 

(HA10K) group, the interactions between HA10K molecules with long chains become stronger 

when its concentration increases, weakening the hyaluronidase mediated binding to the MCF-

7 cells. Therefore, we found that the internalization of 10H10K is lower than that of 2H10K. 

However, the presence of FA on the interface interferes the interaction between HA10K 

molecules. Therefore the two formulations with higher concentrations of FA (10F10H10K and 

5F10H10K, no significant difference between these two) exhibited more internalization than that 

of the formulation with a lower concentration of FA (2F10H10K). Based on our results, the 

bindings between HA10K and hyaluronidase happened only when the HA and FA densities on 

the NP surface were high enough, and the HA chain was long enough. Thus, HA10K is not the 

ideal length for the dual-ligand targeting. 

2.4.3 Medium ligand length (HA7K) group  

We further investigated a medium molecular weight of 7 kDa (Figure 4C). For the HA7K single-

ligand formulations (2H7K, 5H7K, and 10H7K), the trend of their SKOV3 cellular uptake was 

similar to the FA single-ligand formulations. After achieving the maximum cellular uptake 

using an HA molar ratio of 2% and 5% (2H7K, 5H7K), further increasing the ratio to 10 mol% 
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decreased the uptake. While for the MCF7 and RAW264.7 cells, the cellular uptake increased 

with the molar ratio of the HA, and the maximum uptake was at 10% (10H7K). This is mainly 

due to the difference of CD44’s density on these three cells, and the cells with higher CD44 

density need fewer HA ligands to form effective binding. 2H7K was the optimum HA single-

ligand formulation for the SKOV3 cells in the medium ligand length group. For the dual-ligand 

formulations, 5F2H7K showed the best specificity with the highest SKOV3 uptake (313.6%), 

greater than both of the 5F (242.1%) and 2H7K (216.3%). The cellular uptake of 5F2H7K by 

MCF7 and RAW264.7 was 79.2% and 90.8% respectively, lower than 5F (84.1% and 111.2%) 

and 2H7K (122% and 124.5%).  

In this medium ligand length group, the 5F2H7K formulation was demonstrated to be able to 

achieve the best synergetic effect of targeting specificity: low uptake by the single positive 

(macrophage) and double negative (MCF7) cells, high specificity to the double positive SKOV3 

cells. As the CD44 density on the RAW264.7 cells is relatively low, the monovalent CD44/HA 

binding is weak. With the strong steric repulsive effect from the high density of PEG as well as 

the small ratio of the HA (2%), a negligible RAW264.7 cell uptake was achieved. While for the 

SKOV3 cells, the extremely high density of FA receptors /CD44 on the cell surface renders the 

strong and specific targeting effect. Also, for all the dual-ligand formulations in this group, their 

cell uptake by SKOV3 cells was much higher than that of the same formulations in short ligand 

(HA5K) and long ligand length (HA10K) groups. It suggested that the synergistic effect of FA 

and HA only occurred at the dual-ligand formulations with the appropriate length of HA, which 

demonstrates the critical role of the length of the HA as well as the molar ratio of the two 

targeting ligands. These results validated our hypothesis about the critical role of ligand lengths 

and ligand ratios in dual-ligand targeting (Figure 1). 
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Figure 4. Cellular uptake of the DiI labeled plain, single and dual-ligand NPs by MCF7, 
SKOV3 and RAW264.7 cells for (A) Short ligand (HA5K) group (B) Long ligand (HA10K) group 
and (C) Medium ligand (HA7K) group (Mean ± SD, n = 3).  
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2.5. Tumor spheroids uptake 

Tumor spheroids are aggregates of tumor cells grown in a suspension or embedded in a 3D 

matrix. They possess some characteristics that 2D cell culture models lack, such as extracellular 

matrix, cell-cell interactions, spatial geometry, and a necrotic core similar to poorly 

vascularized tumors. Therefore, 3D spheroid uptake can provide more in vivo relevant 

information.[42] [43] 

Based on the monolayer cellular uptake results (Figure 4), four NPs formulations, plain 

(PLGA-PEG) NPs, 5F (optimal FA single-ligand formulation), 2H7K (optimal HA single-ligand 

formulation) and 5F2H7K (optimal FA-HA dual-ligand formulation) were selected and further 

investigated using the 3D tumor spheroid model. The HA used in these formulations is HA7K. 

The size of tumor spheroids is crucial because it is associated with cell function, drug transport 

and penetration.[42] Large spheroids (200~500 μm) can form gradients of oxygen, nutrients, and 

catabolites, which are the key features of tumors in vivo. Therefore, MCF7 and SKOV3 tumor 

spheroids of 400 µm in diameter were prepared to conduct the 3D cellular uptake study. Figure 

5A and Figure 5B show the uptake results of the four NPs formulations in the MCF7 and 

SKOV3 tumor spheroids, respectively. Overall, the MCF7 tumor spheroids had much less 

uptake than the SKOV3 spheroids. The single-ligand formulations (5F and 2H7K) were uptaken 

2 times more by the SKOV3 spheroid in comparison with the plain (PLGA-PEG) formulation. 

Moreover, the dual-ligand formulation 5F2H7K demonstrated a 4-fold uptake, and penetrated as 

deep as 60 µm. Layer-by-layer scanning also exhibited that all targeted formulations had 

increased accumulation compared to the plain formulation in the SKOV3 spheroid, but not for 

the MCF7. More specifically, each layer of the 5F2H7K formulation displayed the strongest 

signal (maximum NPs’ accumulation) compared to the same depth layer of the other three 

formulations in SKOV3 tumor spheroids (Figure S7). Consistent with the confocal results 

(Figure 5C), the flow cytometry results illustrated that the dual-ligand formulation 5F2H7K had 

a significantly higher (p< 0.001) uptake by the SKOV3 tumor spheroids, but not the MCF7. 
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These results confirmed the excellent specificity of the dual-ligand targeted formulation 

5F2H7K.   

 
Figure 5. CLSM observations of overall and layer-by-layer images of DiI labeled single and 
dual-ligand targeted PLGA nanoparticles in (A) MCF7 tumor spheroids and (B) SKOV3 tumor 
spheroids. Scale bars represent 100 µm. (C) Quantitative analysis of cellular internalization of 
DiI labeled PLGA nanoparticles in 3D tumor spheroids. ***, **, * represents statistically 
significant difference (p < 0.001, p < 0.01 and p < 0.05).  N.S. represents no statistically 
significant difference (Mean ± SD, n = 3). 
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2.6 In vivo tumor targeting effectiveness of the single- and dual-ligand formulations  

To evaluate the in vivo tumor targeting effectiveness of the optimal single- and dual-ligand 

formulations, the SKOV3 xenograft tumor model was established using female BALB/c nude 

mice. Figure 6 shows the in vivo fluorescence images of DiR loaded plain (PLGA-PEG), 

optimal single (5F, 2H7K) and dual-ligand (5F2H7K) formulations in SKOV3 tumor-bearing 

mice after tail vein injection of the NPs. The time elapsed whole animal images showed the 

distribution of the NPs at 2, 6, 12, 24 and 48 h, respectively. Because of the rapid circulation of 

the NPs in the bloodstream, clear DiR signals were detected at 2 h. For all the time points up to 

72 h, the majority of the NPs accumulated in the spleen, liver, and tumor after intravenous 

administration for all the four formulations (PLGA-PEG, 5F, 2H7K and 5F2H7K). The 

fluorescence intensity (FI) in tumors for all the targeted groups (5F, 2H7K and 5F2H7K) was 

significantly higher (p<0.05) than that of the plain PLGA-PEG group from 2 to 48 h (Figure 

7). More specifically, from 2 to 24 h, the mean FI for tumors of the 5F2H7K group was 

significantly higher (p<0.05) than the plain (PLGA-PEG) and single-ligand (5F and 2H7K) 

groups, which confirmed the best tumor targeting effectiveness of the dual-ligand formulation 

5F2H7K. At 12 h, the mean FI of the 5F group achieved the maximum level. However the 

PLGA-PEG, 2H7K and 5F2H7K groups achieved the maximum level at 24 h. At 24 h, the mean 

FI of the 5F2H7K group was 2.6 times of the PLGA-PEG group, while the mean FI of 5F and 

2H7K group was 1.63 and 1.68 times of PLGA-PEG group respectively. This result is very 

similar to the result of SKOV3 tumor spheroid uptake at 24 h, implying that 3D spheroids can 

serve as a valuable model for providing in vivo relevant information. After reaching the highest 

FI, the signals in tumors of all groups gradually decreased, except that the signal of 5F group 

decreased very slowly because of the strong interaction between the FA ligand and the FA 

receptor on the SKOV3 cancer cells. For all the time points, the 5F2H7K group has the highest 

tumor accumulation among all groups, showing the best tumor targeting efficiency.  
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The ex vivo fluorescent images of the excised organs and tumors further confirmed that the 

NPs mostly accumulated in the liver, spleen, and tumors. In excised tumors, highest FI was 

observed for the 5F2H7K group among all groups at each time point (Figure S8). Furthermore, 

the in vivo tumor to liver ratio and the tumor to spleen ratio of the 5F2H7K are higher than that 

of the plain and single-ligand formulations (PLGA-PEG, 5F and 2H7K). This result corresponds 

well with the 2D and 3D in vitro results (Figure 7). The in vivo results confirmed again the 

improved targeting effectiveness of the dual-ligand 5F2H7K formulation. Therefore, it is very 

critical to design the dual-targeting NPs with the appropriate ligand ratio and the good matching 

of the ligand lengths to achieve enhanced targeting effectiveness and specificity.   
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Figure 6. In vivo fluorescence images of DiR loaded single and dual-ligand targeted PLGA 
nanoparticles in SKOV3 tumor-bearing female nude mice after tail vein injection of the 
formulations. The time-dependent images of the whole body showed the distribution of the 
formulations in tumor-bearing mice. Images were taken at predetermined time intervals.  
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Figure 7. Semi-quantitative analysis of (A) mean fluorescence intensity of in vivo tumor 
accumulation (B) The tumor to liver ratio (C) The tumor to spleen ratio for DiR labeled PLGA 
nanoparticles in SKOV3 tumor-bearing female nude mice after tail vein injection of the  
formulations at predetermined time intervals (Mean ± SD, n = 3).  
 

3. Conclusions 

In this work, we successfully developed a dual-ligand targeting nanosystem for enhanced 

targeting effectiveness and specificity, based on the systematic study on the ligand density, 

ligand ratio and ligand length. The one-step microfluidic hydrodynamic flow focusing 

technology allows us to synthesize tuned libraries of NPs including single-ligand formulations 

(FA, HA) and dual-ligand formulations with well-controlled size, surface properties, ligand 

density and ligand ratio. To the best of our knowledge, this is the first report of a systematic 

study on the ligand ratio and ligand length effect of the dual-ligand targeted system. It is also 

the first report of using a simple microfluidic device to synthesize a combinatorial library of 

dual-ligand targeted NPs with precisely-controlled properties. The length of the HA and the 
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ratio of the two targeting ligands are critical factors to achieve the optimum targeting specificity. 

Additionally, the studies using 3D in vitro tumor spheroid model and in vivo mice model also 

demonstrated that the optimal dual-ligand formulation (5F2H7K) exhibited the highest tumor 

targeting effectiveness compared to the optimized single-ligand formulations (5F and 2H7K) 

and plain formulation (PEG). However, we have not fully understood the mechanism 

underlying the dual-ligand targeting due to the incomplete understanding of the complicated 

interactions between the two targeting ligands and the receptors on the cell surface. This 

complexity is even compounded when the targeting ligands have different densities and lengths. 

This warrants further investigation in our future works. Nevertheless, this study a provides 

valuable insight into the design of dual-ligand targeting drug delivery systems, and also offers 

a strategy to develop libraries of nanoformulations with systematically-designed properties. 
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This study aims to provide insight into the design of an optimal dual-ligand system through 
exploring the effects of different factors (ligand density, ligand length, ligand ratio, and length 
matching) on the tumor-targeting effectiveness of single-ligand and dual-ligand systems. A 
combinatorial single and dual-ligand nanoparticle library is synthesized by using a one-step 
microfluidic device with flow focusing method. 
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Experimental Section  
Materials: Methoxy poly(ethylene glycol)-b-poly(lactide-co-glycolide) MW ~5,000:10,000 

Da (mPEG5k-PLGA10k), MW ~5,000:20,000 Da (mPEG5k-PLGA20k), MW ~5,000:55,000 Da 
(PEG-PLGA), MW 30,000 Da (PLGA-NHS), MW 10,000 ~ 20,000 Da (PLGA- NH2) were 
purchased from PolySciTech (Akina, West Lafayette, IN, USA). ). Folic Acid-PEG5k-NH2 (FA-
PEG-NH2) was obtained from Nanocs (NYC, NY, USA). Hyaluronic acid (HA) 
oligosaccharides having defined sizes (Mw) of 5 kDa, 7 kDa and 10 kDa were generously 
provided by the Bloomage Freda Biopharm Co., Ltd. (Shandong, China). N-(3-
Dimethylaminopropyl)-N´-ethyl carbodiimide hydrochloride (EDC·HCl), N- 
Hydroxysuccinimide (NHS), N, N-Diisopropylethylamine (DIEA) and Accumax solution were 
obtained from Sigma-Aldrich (St. Louis, MO, USA). Mouse anti-human folate binding protein 
antibody was purchased from Abcam (Cambridge, UK). Alexa Fluor® 488 conjugated goat 
anti-mouse IgG secondary antibody (Carlsbad, CA, USA). FITC anti-mouse/human CD44 
Antibody was purchased from BioLegend (San Diego, CA, USA). Dulbecco’s modified Eagle’s 
medium (DMEM), trypsin, fetal bovine serum (FBS), Penicillin–Streptomycin were provided 
by GIBCO (USA).Water was obtained from a MilliQ system (Millipore, North Ryde, Australia) 
equipped with a 0.22 μm filter and had resistivity larger than18.2 MΩ cm. Other chemicals 
were of analytical grade purchased from either Sigma-Aldrich or Merck and used as received 
unless otherwise stated.  

BALB/c nude mice (female, 8 weeks, ~16 g) were purchased from University of 
Queensland's Biological Resources (Australia, Brisbane) and maintained in laminar flow room 
under constant temperature and humidity. All animal experiments were performed in 
accordance with protocols evaluated and approved by the ethics committee of the University of 
Queensland (Ethic Number: 2017000129). 

Microfluidic device fabrication: All the NPs used were synthesized using a flow-focusing 
microfluidic device, which was fabricated by poly (dimethylsiloxane) (PDMS) using standard 
SU-8 photolithography and soft lithography procedures, and bonded to PDMS-coated glass 
coverslips to provide uniform surface properties on all the walls of the microchannel. The 
microchannel pattern was designed using the AutoCAD software and was printed to a chrome 
mask. By using the patterned chrome mask as the template, the SU-8 master was fabricated by 
spin-coating SU-8 to a clean 4-inch silicon wafer, follow by ultraviolet exposure, baking, 
developing and washing. After pouring PDMS over the SU-8 master mold, the PDMS-coated 
master and glass coverslips were incubated at 80 °C for 30 min. The cross-linked PDMS was 
peeled off from the SU-8 master mold, and then holes were punched at inlets and outlets. Finally, 
the PDMS layer was bonded to the PDMS-coated glass coverslips after plasma cleaning. After 
overnight incubation (65 °C), the microfluidic device was ready to use. 
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Synthesis and purification of FA-PEG-PLGA copolymer: The FA-PEG-PLGA conjugated 
copolymer was synthesized through an end to end coupling strategy. FA-PEG-NH2 (19 mg) 
was dissolved in 1 mL dimethyl sulfoxide (DMSO) to obtain 3.8 mM precursor solution. 
PLGA-NHS (38 mg) was dissolved in 1 mL DMSO to obtain 1.27 mM precursor solution. The 
FA-PEG-NH2 precursor solution was added dropwise into the PLGA-NHS precursor keeping 
the molar ratio of PLGA-NHS: FA-PEG-NH2 at 1: 3. The reaction was carried out in a nitrogen 
atmosphere in the presence of 30µL DIEA, under constant stirring in the dark for 24 hours to 
obtain FA-PEG-PLGA copolymer. The copolymer was purified by dialysis with cellulose 
membrane’s size of 10 kDa (Merck Millipore, Merck KGaA, Germany) against MilliQ water 
for 72 h in 4 C°, then washed with MilliQ water by centrifugation (28,000×g, 4°C, 20 min×3) 
to remove excess FA-PEG-NH2. The final product was lyophilized and used to prepare 
nanoparticles without further treatment.  

Synthesis and purification of HA-PLGA copolymer: PLGA/HA block copolymers (PLGA-
HA) were synthesized by EDC/NHS chemistry. Here, we take one of the PLGA-HA 
copolymers, PLGA-HA7k, as an example to illustrate the procedures of the synthesis of the 
copolymers. 

Desalted HA7K (200 mg) was dissolved in 10 mL 0.1M MES buffer (pH: 4.78) by stirring 2 
hours at 600 rpm with a magnetic stirrer. EDC (40 mg) was added to a reaction flask and stirred 
in dark for 30 min followed by adding 80 mg NHS. The mixture was stirred overnight then 
dialysis with 3.5 kDa cellulose membrane for 8 hours and lyophilized. 

Activated HA7K (66 mg) was dissolved in 2 mL DMSO, and 46 mg PLGA-NH2 was dissolved 
in 2.5 mL DMSO. The PLGA-NH2 precursor solution was added dropwise into HA7k-NHS 
precursor with the molar ratio of HA-NHS: PLGA-NH2 kept at 3: 1. The reaction was carried 
out in a nitrogen atmosphere in the presence of 40 µL DIEA, under constant stirring in the dark 
for 24 hours to obtain HA-PLGA copolymer. The copolymer was purified by dialysis with 
cellulose membrane’s size of 10 kDa (Merck Millipore, Merck KGaA, Germany) against 
MilliQ water for 72 h in 4 C°, then washed with MilliQ water by centrifugation (28,000×g, 4°C, 
20 min×3) to remove excess HA-NHS. The final product was lyophilized and used to prepare 
nanoparticles without further treatment. 

Characterization of FA-PEG-PLGA and PLGA-HA copolymers: The chemical structures 
of copolymers were characterized by 1H-nuclear magnetic resonance (1H NMR) and Fourier 
transform infrared spectroscopy (FT-IR). For 1H NMR analysis, 5 mg sample was dissolved in 
0.6 mL DMSO-d6 (Sigma-Aldrich, USA), and analyzed by an NMR Spectrometer (Avance 700 
MHz, Bruker, Switzerland). For FT-IR analysis, 5 mg lyophilized sample was analysed directly 
by Diamond ATR module of a Fourier transform infrared instrument (iS™50 ATR-FTIR, 
Nicolet, USA). 

Preparation and characterization of PLGA Nanoparticles: For making the polymer 
precursor of PLGA-PEG NPs, 0.5 µmol PLGA-PEG copolymer was dissolved in 1 mL 
acetonitrile using a total polymer concentration of 500 µM. For the single-ligand targeted NPs, 
for example, 5F (5% folic acid single-ligand targeted PLGA NPs), 0.475 µmol PLGA-PEG was 
dissolved in 700 µL acetonitrile then mixed with 300 µL dimethylformamide (DMF) containing 
0.025 µmol FA-PEG-PLGA. For dual-ligand targeted NPs, for example, 5F2H7K (5% folic acid 
and 2% 7 kDa hyaluronic acid dual-ligand targeted NPs). PLGA-PEG (0.465 µmol) was 
dissolved in 700 µL acetonitrile then mixed with 250 µL DMF containing 0.025 µmol FA-PEG-
PLGA and 50 µL DMSO containing 0.01 µmol HA7K-PLGA. For DiI labelled NPs, the polymer 
precursor contained 20 µg/mL DiI.  

Functionalized PLGA NPs were formed using nanoprecipitation process in a microfluidic 
channel. The polymer precursor solution was injected into the central stream in the microfluidic 
chip and squeezed by the MilliQ water stream from the two vertical channels. Syringes (Terumo, 
Binan Laguna, Philippines) were used for injection of water and polymer precursor solutions. 
The flow rate ratio (FRR) which represents the volumetric flow rate of polymer precursor 
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solution to water was 0.4 (the water flow rate was fixed at 10 µL/min). Flow rates of the water 
and polymer precursor were controlled using syringe pumps (Harvard Pump 11 Plus, Harvard 
Apparatus, MA, USA). PTFE tubing (Cole-Parmer, IL, USA) was used to connect the syringe 
and microfluidic device. The synthesis of functionalized PLGA NPs in this hydrodynamic flow 
focusing device procedure was monitored using an inverted optical microscope (Nikon, Tokyo, 
Japan). The size, polydispersity index (PDI) and zeta potential of the NPs synthesised were 
determined using a Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK). The 
morphology of PLGA-PEG, 5F, 2H7k and 5F2H7k NPs were observed using a transmission 
electron microscope (Jeol, Tokyo, Japan). Samples were dropped onto a copper TEM grid with 
a carbon film and air-dried at room temperature followed by negative-staining using 1% uranyl 
acetate. 

Cell lines and cell culture: RAW264.7 cells (murine macrophage cells), SKOV3 cells 
(human ovarian adenocarcinoma cells) and MCF7 cells (human breast adenocarcinoma cells) 
were purchased from American Type Culture Collection (ATCC). The cells were cultured in 
growth medium (high glucose DMEM medium supplemented with 10% FBS, 100 U/mL 
penicillin and 100 U/mL streptomycin) at 37 ˚C in a humidified 5% CO2 atmosphere. While 
conducting the cell uptake experiment, the cells were incubated in the incubation medium (high 
glucose DMEM medium supplemented with 10% FBS) at 37 ˚C in a humidified 5% CO2 
atmosphere. 

Determination of folate receptor and CD44 expression: The folate receptor expression in 
SKOV3 and MCF7 cells was determined using a primary antibody and a fluorescence-
conjugated secondary antibody. Briefly, SKOV3 cells and MCF7 cells were collected, washed 
with PBS and resuspended to 1× 106 cells/mL in ice-cold PBS containing 1% BSA and 0.5% 
sodium azide (buffer solution). Then incubated the cells with the mouse anti-human folate 
binding protein primary antibody at a concentration of 10 µg/mL in an ice-cold buffer solution. 
After 30 min, cells were washed three times and resuspended in a buffer solution containing 10 
µg/mL Alexa Fluor® 488 conjugated goat anti-mouse IgG secondary antibody. After 
incubation for 30 min, cells were again washed three times and resuspended in 0.5 mL buffer 
solution for flow cytometry analysis. The excitation and emission wavelengths were set at 496 
nm and 519 nm, respectively. Ten thousand cells were collected for each sample. Cells 
incubated with the secondary antibody were regarded as the control group while cells incubated 
with both primary and secondary antibodies were considered as the sample group. For CD44 
expression of MCF7, RAW264.7 and SKOV3 cells, all the procedures for cell preparation and 
flow cytometry analysis were as same as folate receptor expression determination. The only 
difference was the lack of secondary antibody incubation, and the concentration of FITC anti-
mouse/human CD44 antibody was 50 µg/mL. 

Quantitative flow cytometry measurement: SKOV3, MCF7, and RAW264.7 cells were 
seeded into a 24 well plate using growth medium at a density of 2 × 105 cells/well and allowed 
for attachment for overnight. The next day, DiI labeled NPs (dialyzed and resuspended in 
phosphate buffer solution) were added to the corresponding wells to a final polymer 
concentration of 7.14 µM and incubated at 37 ˚C in a humidified 5% CO2 atmosphere. For 
competitive inhibition experiments, 1 hour before adding the NPs, free folic acid or free 
hyaluronic acid was added to the medium at a final concentration about 1000 times of the folate 
or hyaluronic acid concentration of the NPs in the corresponding wells. Cells cultured with 
incubation medium without NPs were regarded as the Blank group. After incubation for 4 h, 
cells were washed with PBS for two times, trypsinized, collected, washed with PBS again and 
then resuspended in 0.5 mL PBS. Fluorescent intensity was measured with the excitation and 
emission wavelengths at 549 nm and 565 nm, respectively, using a flow cytometer. The 
intracellular delivery of the NPs was determined by measuring the median fluorescence 
intensity of DiI loaded in the NPs. 
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3D tumor spheroid uptake: To establish the tumor spheroid model, MCF7 or SKOV3 cells 
at a density of 5×103 cells/well were seeded into 60 inside wells of a 96 well plate (36 edged 
wells were filled with 200µL PBS to avoid the edge effects). The 60 inside wells were pre-
coated with 50 µL 2% low melting point agarose, then applied with centrifugation (1000 g, 10 
min) to initiate the formation of spheroids.[1] They were monitored with an optical microscope 
and were ready to use after 7 days. Then DiI labeled PLGA NPs were incubated with spheroids 
for 24 h and followed by washing with PBS for 3 times and fixation with 4% paraformaldehyde. 
At last, spheroids were subjected to a confocal microscope. For the quantitative analysis, after 
incubation with DiI labeled, 10 spheroids for each group were gathered and treated with 200 
µL Accumax solution for 30 min at 37°C, 180 rpm shaking speed. After dissociation, cells were 
washed three times with PBS and then analyzed using a flow cytometry. The intracellular 
delivery of the NPs was determined by measuring the mean fluorescence intensity of DiI loaded 
in the NPs.  

In vivo tumor targeting assays: For the analysis of in vivo tumor targeting of the 
nanoparticles, the near-infrared dye DiR was loaded into PLGA-PEG, 5F, 2H7K and 5F2H7K 
nanoparticles. The preparation method of DiR loaded nanoparticles was exactly the same as 
that of DiI-loaded nanoparticles, except that DiR was replaced by 120 µg/mL DiR. Free DiR 
was removed by filtration through the 0.22 µm syringe filter after overnight dialysis against 
PBS. The amount of DiR in nanoparticles was determined by a UV-Vis spectra method. 
BALB/c nude mice (female, 8 weeks, ~16 g) were inoculated via injection subcutaneously at 
the left armpit with 1×107 SKOV3 cells. When the diameter of tumors reached 5 mm, mice 
were randomly assigned to 4 groups (PLGA-PEG, 5F, 2H7K and 5F2H7K) with 8 mice for each 
group. All mice were administrated with the formulations via i.v. injections (tail vein). The in 
vivo fluorescence imaging was taken with a CARESTREAM in vivo imaging system (Bruker, 
Germany) at predetermined time (0 h, 2 h, 6 h, 12 h, 24 h, 48 h and 72 h). At 6 h, 12 h, 24 h, 48 
h and 72 h, one mouse from each group was sacrificed and tumors as well as organs were 
excised from the mouse. Again, the fluorescence images of the tumors and organs were taken 
under the same condition mentioned above. The mean fluorescent signal intensity at the tumor 
site in the whole animal biodistribution results was semi-quantified using image-J. The in vivo 
and ex vivo tumor-to-liver fluorescent signal intensity ratio was performed as the mean 
fluorescent signal intensity of the tumor (whole tumor fluorescent signal intensity semi-
quantified by image-J divided by the weight of the tumors) divided by the mean fluorescent 
signal intensity of the liver (whole liver fluorescent signal intensity semi-quantified by image-
J divided by the weight of the livers). 

 
Statistical analysis: Statistics were computed with Microsoft Excel 2013. Statistical analysis 

were performed by the one-way ANOVA for multiple groups, and p-value <0.05, <0.01 and 
<0.001 was marked as *, **, and ***, respectively. 
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Figure S1. (A) The photo and design of an individual microfluidic device. The width of the 
microchannel is 20 µm, the height is 100 µm, and the total length of the central channel is 1 cm. 
Chemical equations for the ligand conjugated polymers (B) FA-PEG-PLGA and (C) HA-PLGA. 
EDC: N-(3-Dimethylaminopropyl)-N´-ethylcarbodiimide hydrochloride; FA: Folate; NHS: N-
hydroxysuccinimide; PEG: Polyethylene glycol; PLGA: Polylactide-co-glycolide; DIEA: N,N-
Diisopropylethylamine; HA: Hyaluronic acid. 
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Figure S2. Characterization of the synthesized PLGA-HA7K and PLGA-PEG-FA using 1H 
NMR (A1, A2, A3) and FT-IR (B, C1, C2, C3). 1H NMR spectra of (A1) PLGA-HA7k in 
DMSO-d6, (A2) PLGA-PEG-FA in DMSO-d6, (A3) NH2-PEG-FA in DMSO-d6. FT-IR spectra 
of (B) PLGA-PEG-FA, (C1) HA7K, (C2) HA7K-NHS, (C3) PLGA-HA7K.  
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Figure S3. The comparison of (A) RAW264.7 cell uptake (B) DiI release of PEG-PLGA 
nanoparticle (PLGA molecular weight: 10K, 20K, and 55K) synthesized by the microfluidic 
device (mean ± SD, n = 3). 

 
Figure S4. Temperature stability characterized by (A) PdI and (B) size of PLGA-PEG 
nanoparticle synthesized by the microfluidic device (mean ± SD, n = 3, flow rate ratio: 0.1).  

 

The stability of PLGA-PEG NPs was investigated for 17 days at two different temperatures 
(4 ˚C and 25 ̊ C) in PBS. The results showed that their size and PDI did not show any significant 
change during the 17-day stability test. After this initial test, we further investigated the stability 
of all the nanoparticles in serum, they all showed stable size and PDI during 24 hours (data not 
shown).  
 
Table S1. Characterization of Single and Dual-Ligand Targeted PLGA Nanoparticles for the 
HA7K Group 
 

 Sample Name  
PDI 

 

Number 
Mean 
(nm) 

Zeta 
Potential 

(mV) 
Short 
Name 

Full Name 

Non-targeted 
 PLGA NPs  

PLGA-
PEG 

100 mol % PLGA-PEG 0.064 89.91 -18.5 

 
Single-ligand FA 

targeted PLGA NPs 

2F 2 mol % FA  0.094 81.67 -15.8 
5F 5 mol % FA 0.092 80.27 -20.4 

10F 10 mol % FA 0.053 81.69 -18.0 
 

Single-ligand HA7K 
targeted PLGA NPs 

2H 2 mol % HA 0.082 82.30 -24.8 
5H 5 mol % HA 0.130 90.62 -20.6 

10H 10 mol % HA 0.085 83.00 -17.5 
 
 
 

Dual-ligand 
targeted PLGA NPs 

2F2H 2 mol % FA and 2 mol % HA 0.150 92.14 -13.3 
2F5H 2 mol % FA and 5 mol % HA 0.103 79.40 -20.6 
2F10H 2 mol % FA and 10 mol % HA 0.176 89.68 -17.5 
5F2H 5 mol % FA and 2 mol % HA 0.093 82.22 -12.2 
5F5H 5 mol % FA and 5 mol % HA 0.092 80.53 -15.6 
5F10H 5 mol % FA and 10 mol % HA 0.086 80.70 -12.5 
10F2H 10 mol % FA and 2 mol % HA 0.061 77.00 -12.6 
10F5H 10 mol % FA and 5 mol % HA 0.106 79.91 -13.4 

10F10H 10 mol % FA and 10 mol % HA 0.139 70.96 -15.5 
 
 
Table S2. Characterisation of Single and Dual-Ligand Targeted PLGA Nanoparticles for the 
HA5K Group 
 

 Sample Name  
PDI 

 

Number 
Mean 
(nm) 

Zeta 
Potential 

(mV) 
Short 
Name 

Full Name 
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Non-targeted 
 PLGA NPs  

PLGA-
PEG 

100 mol % PLGA-PEG 0.064 89.91 -18.5 

 
Single-ligand FA 

targeted PLGA NPs 

2F 2 mol % FA  0.094 81.67 -15.8 
5F 5 mol % FA 0.092 80.27 -20.4 

10F 10 mol % FA 0.053 81.69 -18.0 
 

Single-ligand HA5K 
targeted PLGA NPs 

2H 2 mol % HA 0.086 84.75 -21.3 
5H 5 mol % HA 0.116 86.03 -18.1 

10H 10 mol % HA 0.077 82.93 -20.9 
 
 
 

Dual-ligand 
targeted PLGA NPs 

2F2H 2 mol % FA and 2 mol % HA 0.097 80.31 -13.5 
2F5H 2 mol % FA and 5 mol % HA 0.114 78.53 -19.3 
2F10H 2 mol % FA and 10 mol % HA 0.157 83.02 -22.7 
5F2H 5 mol % FA and 2 mol % HA 0.155 74.86 -13.3 
5F5H 5 mol % FA and 5 mol % HA 0.143 75.11 -14.5 
5F10H 5 mol % FA and 10 mol % HA 0.187 69.32 -17.2 
10F2H 10 mol % FA and 2 mol % HA 0.170 54.34 -10.12 
10F5H 10 mol % FA and 5 mol % HA 0.152 63.22 -11.23 

10F10H 10 mol % FA and 10 mol % HA 0.121 69.65 -14.82 
 
 
 
Table S3. Characterisation of Single and Dual-Ligand Targeted PLGA Nanoparticles for the 
HA10K Group 
 

 Sample Name  
PDI 

 

Number 
Mean 
(nm) 

Zeta 
Potential 

(mV) 
Short 
Name 

Full Name 

Non-targeted 
 PLGA NPs  

PLGA-
PEG 

100 mol % PLGA-PEG 0.064 89.91 -18.5 

 
Single-ligand FA 

targeted PLGA NPs 

2F 2 mol % FA  0.094 81.67 -15.8 
5F 5 mol % FA 0.092 80.27 -20.4 

10F 10 mol % FA 0.053 81.69 -18.0 
 

Single-ligand HA10K 
targeted PLGA NPs 

2H 2 mol % HA 0.090 73.75 -18.7 
5H 5 mol % HA 0.108 82.02 -18.4 

10H 10 mol % HA 0.097 83.07 -21.1 
 
 
 

Dual-ligand 
targeted PLGA NPs 

2F2H 2 mol % FA and 2 mol % HA 0.077 75.84 -13.8 
2F5H 2 mol % FA and 5 mol % HA 0.104 73.55 -18.3 
2F10H 2 mol % FA and 10 mol % HA 0.133 72.00 -25.9 
5F2H 5 mol % FA and 2 mol % HA 0.116 70.09 -11.7 
5F5H 5 mol % FA and 5 mol % HA 0.138 68.65 -20.4 
5F10H 5 mol % FA and 10 mol % HA 0.160 62.96 -19.6 
10F2H 10 mol % FA and 2 mol % HA 0.221 59.19 -7.8 
10F5H 10 mol % FA and 5 mol % HA 0.162 55.04 -9.6 

10F10H 10 mol % FA and 10 mol % HA 0.125 62.93 -17.6 
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Figure S5. (A) Folate receptor expression and (B) CD44 expression determined by flow 
cytometry. Cells incubated with a secondary antibody were regarded as the control group and 
cells incubated with both the primary and secondary antibodies were regarded as the sample 
group (Mean ± SD, n = 3). 

 
Figure S6. Schematic illustration of the lengths of different ligands (HA5,7,10K and PEG-FA) 
and PEG. 
 
 
 

 
Figure S7. DiI fluorescence intensity distribution of plain, single and dual-ligand targeted 
PLGA nanoparticles along the dashed line across the MCF7 and SKOV3 tumor spheroids at 
the depth of 0, 30, 60, 90, 120 and 150 μm. 
 
 
 
 
 
 



  

38 
 

A 

 
 
 
 
 
B 

 
Figure S8. Ex vivo (A) fluorescence images and (B) semi-quantitative analysis of mean 
fluorescence intensity of excised tumors of DiR loaded single and dual-ligand targeted PLGA 
nanoparticles in SKOV3 tumor-bearing female nude mice after tail vein injection of the 
formulations at predetermined time intervals.  
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