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ABSTRACT 

The treatment of posterior segment disorders of the eye requires therapeutic strategies to achieve 

drug effects over prolonged times. Innovative colloidal delivery systems can be designed to deliver 

drugs to the retina and prolong their intravitreal permanence. In order to exploit pullulan (Pull) as 

polymeric drug carrier for intravitreal drug delivery, derivatives of hydrophobic model molecule 

rhodamine B (RhB) were conjugated to the pullulan backbone through linkers with different 

stability, namely ether (Et), hydrazone (Hy) or ester (Es) bond to obtain Pull-Et-RhB, Pull-Hy-RhB 

and Pull-Es-RhB, respectively. Dynamic light scattering and transmission electron microscopy 

analyses showed that the polymer conjugates self-assembled into 20-25 nm particles. Pull-Et-RhB 

was fairly stable at all tested pH values. At the vitreal pH of 7.4, 50% of RhB was released from 

Pull-Hy-RhB and Pull-Es-RhB in 11 and 6 days, respectively. At endosomal pH (5.5), 50% of RhB 

was released from Pull-Hy-RhB and Pull-Es-RhB in 4 and 1 days, respectively. Multiple particle 

tracking analyses in ex vivo porcine eye model showed that the diffusivity of the bioconjugates in 

the vitreous was about 10
3
 times lower than in water. Flow cytometry and confocal microscopy 

analyses showed that bioconjugates are remarkably taken up by the retinal RPE cells. In vivo studies 

showed that after intravitreal injection to mice, the bioconjugates localize in the ganglion cell layer 

and in the inner and outer plexiform layers. Pull-Hy-RhB particles were detected also inside the 

retinal blood vessels. These results demonstrate that pullulan with tailored linkers for drug 

conjugation is a promising vehicle for long-acting intravitreal injectables that are capable to 

permeate to the retina.  
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Introduction 

Chronic ocular diseases of the posterior eye segment, such as age-related macular degeneration 

(AMD), glaucoma, diabetic retinopathy (DR), macular edema, uveoretinitis and retinitis pigmentosa 

are affecting the quality of life of millions of people worldwide (Kang-Mieler et al., 2017). The 

treatment of these pathologies remains a major clinical challenge due to many reasons. Ocular 

barriers and poor delivery of therapeutic agents to the posterior eye segment are among the 

obstacles that limit the development of therapeutics (Del Amo et al., 2017).  

Topical ophthalmic formulations are useful for treatment of the anterior ocular segment (Urtti, 

2006), but not for the posterior segment. Various barriers (e.g. corneal epithelium, systemic 

conjunctival absorption, rapid solution drainage from ocular surface, lens, aqueous humor turnover, 

choroidal blood flow, retinal pigment epithelium) severely limit the retinal access of topically 

applied drugs resulting in very low retinal bioavailability (<< 0.01%) (Bisht et al., 2018). Therefore, 

many retinal disorders are treated with intravitreal injections to ensure adequate drug concentrations 

in the target (Del Amo et al., 2017). For example, more than 22 million injections of anti-VEGF 

biologicals are given annually to treat neovascular form of AMD (Lanzetta and Loewenstein, 2017). 

These protein drugs (ranibizumab, aflibercept, bevacizumab) have half-lives of about one week in 

the vitreous, requiring injections every 1-2 months during long-term treatment (Krohne et al., 

2012).  Continued injections are a burden to the patients and healthcare, and sometimes may cause 

adverse reactions, such as ocular infections or traumas (del Amo et al., 2015).
. 
Longer injections 

intervals would reduce the risks and burden to the patients and healthcare.  

Small molecules are cleared from the vitreous cavity within a few hours (Bucolo et al., 2018), thus 

requiring short injection intervals that would not be clinically acceptable. Therefore, sustained 

delivery of small drugs is needed to enable clinically feasible frequency of intravitreal drug 

administration (Joseph et al., 2017). 

Nanotechnology offers interesting opportunities for the development of ophthalmic systems, for 

example, nanoparticles or polymer bioconjugates with prolonged drug release and targeting 
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properties. Nanoparticles and polymer bioconjugates are expected to retain longer in the vitreous 

than small drugs in solution, because macromolecules and particles cannot be eliminated from the 

vitreous across the tight blood-retina barrier to systemic circulation (Del Amo et al., 2017; del Amo 

et al., 2015; Hamdi et al., 2015; Hutton-Smith et al., 2016; Maurice and Mishima, 1984; Schwartz 

et al., 2014; Shen et al., 2015). Macromolecules are usually eliminated anteriorly from the vitreal 

cavity by diffusion in the vitreous that is followed by their ocular removal in the aqueous humor 

outflow (Chittasupho et al., 2018; del Amo et al., 2015; Hartmann et al., 2013; Hutton-Smith et al., 

2016; Maurice and Mishima, 1984). Thus, the rate of anterior elimination is controlled by the 

diffusion in the vitreous (Hamdi et al., 2015) that is mainly composed of water and negatively 

charged hydrophilic polymers (hyaluronic acid, heparan sulphate, chondroitin sulphate, collagen), 

which form a diffusion barrier with effective pore size of about 550 nm (Käsdorf et al., 2015). Size 

and surface properties of colloidal systems can be tuned to control the interactions of the particles 

with the vitreous (Kim et al., 2009; Martens et al., 2013). Additionally, the inner limiting membrane 

(ILM) formed by relatively dense network of polysaccharides is a barrier between the neural retinal 

and vitreous (Del Amo et al., 2017). The ILM must be crossed to yield retinal drug delivery.  

So far, a number of nanoparticles, including liposomes (Bochot and Fattal, 2012; Lee et al., 2017; 

Naseripour et al., 2016), polymeric nanoparticles (Lalu et al., 2017) and inorganic or metal based 

nanosystems (Chi et al., 2017; Park et al., 2005), have been investigated as potential drug delivery 

vehicles for the posterior eye segment. Polymers have been used to produce biodegradable nano- 

and microparticles, hydrogels, bioconjugates, stimuli-sensitive systems with tailored 

physicochemical and biopharmaceutical properties (Imperiale et al., 2018). For example, synthetic 

polymers used for production of intravitreal drug delivery systems include poly(alkylcyano-

acrylate) (Harmia et al., 1986a; Harmia et al., 1986b), poly(lactic acid) (Bourges et al., 2003; Liu et 

al., 2016), poly(lactide-co-glycolic-acid) (Luo et al., 2013; Pan et al., 2011) and poly(epsilon-

caprolactone) (Nasr et al., 2016), while natural polymers include chitosan (Lu et al., 2014), 

hyaluronic acid (Krohne et al., 2012), gelatin (Hathout and Omran, 2016), and sodium alginate 

(Wang et al., 2018). 

Drugs can be either physically or chemically loaded in the nanoparticles. The physical entrapment 

of drugs into polymeric particles is most suitable for larger particles that exert better control of drug 

release, but large particle size leads to opacity of the vitreous and poor permeation to the retina 

(Singh et al., 2019; Wan et al., 2017). We have recently shown that preferred particle size for retinal 

permeation is 50 nm and below (Tavakoli et al., 2020b). Covalent conjugation of drugs to polymers 

yields, in principle, conjugates that can permeate in the vitreous and ILM. Furthermore, the rate of 
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drug release and site-specific release (e.g. in the cells) may be achieved with selected cleavable 

linkers. This approach has been exploited for drug delivery to the tumors, while it was only recently 

shown in the ocular scenario (Bhattacharya et al., 2017). Nevertheless, polymer bioconjugates may 

represent an excellent opportunity for delivering drugs with short residence time in the vitreous and 

that require retinal targeting. 

Pullulan is a linear and natural polysaccharide with interesting properties for drug delivery. Due to 

its biocompatibility, multi-valency, solubility and biodegradability, pullulan has been widely used 

to produce nanoparticles or polymeric conjugates for systemic drug administration (Shingel, 2004; 

Singh et al., 2017). In ocular drug delivery, pullulan has been used only as mucoadhesive excipient 

for topical application (Pevet et al., 2011; Shingel, 2004; Singh et al., 2017), while its application 

for controlled or targeted intravitreal delivery is unexplored (Garhwal et al., 2012; Yu et al., 2010). 

In order to investigate the potential of pullulan as a polymer platform for intravitreal injections, we 

covalently functionalized the polysaccharide with rhodamine B derivatives (RhB), which were 

conjugated to the polymer backbone through three chemical linkers with different stability. The 

synthesis processes were set-up to produce defined bioconjugates that were explored as potential 

intravitreal drug delivery systems.  

 

MATERIALS AND METHODS 

Pullulan (110 kDa, polydispersity index 2.25) and rhodamine B isothiocyanate (RhB-ITC) were 

purchased from Sigma-Aldrich (Milan, Italy). Salts, solvents and all the other chemical reagents 

were obtained from Carlo Erba (Milan, Italy), VWR (Milan, Italy) and Sigma-Aldrich (Milan, 

Italy). Azide-terminating amino-poly(ethylene glycol) (N3-PEG350-NH2) and azide-terminating 

hydroxy-poly(ethylene glycol) (N3-PEG395-OH) were purchased from IRIS Biotech GmbH 

(Marktredwitz, Germany).  DMEM-F12 Gibco® and TryPLE Express were purchased from 

Thermo Fisher Scientific (Waltham, MA, USA). Foetal bovine serum (FBS), streptomycin, L-

glutamine, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and all other 

products for cell culture were obtained from Sigma-Aldrich (Milan, Italy). 4′,6-diamidine-2′-

phenylindole dihydrochloride (DAPI) was obtained from Sigma-Aldrich (Milan, Italy) and wheat 

germ agglutinin-Alexa Fluor 633 (WGA-AlexaFluor 633) was obtained from Thermo Fisher 

Scientific (Madison, WI, USA). 

 

Synthesis of pullulan conjugates  
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1. Pullulan activation with p-toluenesulfonyl chloride  

Pullulan (Pull) was activated according to the protocol reported in the literature (Heinze et al., 

2000). Briefly, 0.7 g of Pull (4.32 mmol glucopyranose units, GPU) were dissolved in 20 mL of 

N,N-dimethylacetamide (DMA) at 60 ˚C and added of 0.366 g (8.64 mmol) of lithium chloride. The 

reaction mixture was maintained at 80 ˚C for 1 hour and then added of 2 mL of a 50% v/v solution 

of triethylamine (TEA) in dimethylacetamide (DMA). The mixture was stirred for 10 min and then 

cooled down in ice bath. The reaction mixture was added dropwise over a period of 30 minutes of 1 

mL of 0.823 g/mL p-toluenesulfonyl chloride (4.32 mmol) in DMA and maintained under stirring. 

After 24 hours, the tosyl-pullulan (Pull-Ts) was recovered by precipitation in ethanol (EtOH), 

washed three times with EtOH and desiccated under vacuum. The product (91% w/w yield) was 

analyzed by FT-IR, 
1
H-NMR and 

13
C-NMR spectrometry and elemental analysis.  

FT-IR (KBr): 3500 (v OH), 3100 (v CHarom), 2929 (v CH), 1599, 1490, 1450 (v C-Carom), 1363 (vas 

SO2), 1177 (vs SO2) cm
-1

.  

1
H-NMR (400 MHz, DMSO-d6): δ 7.2-7.9 (m, 6H, CHarom), 3.5-6 (m, 21H, CHpullulan backbone), 2.36 

(m, 4.5H, CH3). 

13
C-NMR: (100 MHz, DMSO-d6): δ 145.27 (CHarom), 133.09 (CHarom), 130.32 (CHarom), 128.26 

(CHarom), 100-55 (CHpullulan backbone), 21.55 (CH3).  

Elemental analysis: C, 48.92%; H, 5.29%; S, 6.69% (O, 39.10%). 

The degree of pullulan derivatisation with tosyl functions  (DStos, number of tosyl functios/GPU) 

was calculated on the basis of Equation 1: 

      
        

                  
              

where MWGPU is the molecular weight of the glucopyranose unit, MWS is the molecular wight of 

sulphur atom, MWtosyl is the molecular weight of the tosyl residue. 

2. Synthesis of propargyl-pullulan [Pull-Pr] 

The synthesis of propargyl-pullulan [Pull-Pr] was carried out according to a two-step protocol.  

2.1 Synthesis of propargyl-tosyl-pullulan [Pull-Ts-Pr]. Pull-Ts was reacted with propargylamine 

according to the protocol reported in literature (Pohl and Heinze, 2008). Briefly, 0.6 g of Pull-Ts 

(1.25 mmol GPU-Ts) was dissolved in 15 mL of anhydrous dimethylsulfoxide (DMSO) and added 

of 1.6 mL of propargylamine (25 mmol). The mixture was stirred for 48 hours at 80 ˚C and then the 

product was isolated by precipitation in diethyl ether (Et2O). The precipitate was washed three 
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times with acetone and dried under vacuum. The resulting product (Pull-Ts-Pr, 89% w/w yield)  

was characterized by FT-IR, 
1
H and 

13
C-NMR spectrometry and elemental analysis.  

FT-IR (KBr): 3500 (v OH), 3292 (v CHalkyne), 3067 (v CHarom), 2929 (v CH), 2116 (v C≡C), 1363 

(vas SO2), 1177 (vs SO2) cm
-1

.  

1
H-NMR (400 mHz, DMSO-d6): δ 7.2-7.9 (m, 3.5 H, CHarom), 3.5-6 (m, 21H, CHpullulan backbone), 2.36 

(m, 2.5H, CH3).  

13
C-NMR: (100 MHz, DMSO-d6): δ 145.27 (CHarom), 133.09 (CHarom), 130.32 (CHarom), 128.26 

(CHarom), 100-55 (CHpullulan backbone), 73.70 (Calkyne), 62.54 (CHalkyne), 37.38 (CH2 alkyne), 21.55 (CH3). 

Elemental analysis: C, 47.92%; H, 5.45%; N, 1.71%; S, 4.32% (40.60%).  

The degree of pullulan derivatisation with tosyl functions was calculated according to Equation 1 

reported above. The degree of pullulan derivatisation with porpargyl functions 

(                               was calculated according to Equation 2: 

        
        

                           
              

 

where MWGPU is the molecular weight of the glucose unit, MWN is the molecular weight of nitrogen 

atom, MWpropargylamine is the molecular weight of the propargyl residue. 

 

2.2 Synthesis of propargyl-pullulan (Pull-Pr). Pull-Ts-Pr (0.54 g, 0.71 mmol GPU-Ts) was 

dissolved in 26 mL of anhydrous DMSO under inert atmosphere and 2.5 mL of ethanolamine (42 

mmol) was added under stirring. The solution was stirred at 80 °C for 48 hours. The reaction was 

monitored by 
1
H NMR until completion. Afterwards, the reaction was cooled down to room 

temperature and the conjugate precipitated into Et2O (500 mL). The crude product was isolated by 

centrifugation and then washed three times with 300 mL of acetone. The obtained propargyl-

pullulan (Pull-Pr) was dried under vacuum, dissolved in 10 mL of milliQ water and lyophilized. 

Pull-Pr (85 % w/w yield) was characterized by 
1
H-NMR spectroscopy. 

1
H-NMR (400 mHz, DMSO-d6): δ 3.5-6 (m, 21H, CHpullulan backbone). 

3. Synthesis of azido-PEG350 Da-rhodamine B [N3-Et-RhB] (1) 

Rhodamine B isothiocyanate (RhB-ITC, 220 mg, 0.41 mmol) was dissolved in 200 µL of anhydrous 

DMSO and added of 130 mg of N3-PEG350-NH2 (0.37 mmol). The solution was stirred in the dark 

and the progress of reaction was monitored by TLC using 1:1 v/v ethyl acetate/methanol 

(EtOAc/MeOH) mixture as eluent and 0.2% w/v ninhydrin in EtOH as staining solution. The crude 
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product was recovered by precipitation in Et2O, washed three times with Et2O and desiccated under 

vacuum. The dry product was dissolved in water, lyophilized and used without further purification 

for the next step. The product (91% molar yield) was analyzed by FT-IR and 
1
H-NMR 

spectrometry.  

FT-IR (KBr): 3421 (v NH), 2874 (v CH), 2677 (v CHarom), 2104 (v N3), 1653 (v C=O), 1590, 1466, 

1411, 1345, 1273, 1247, 1118 (v C=S) 1129, 1036 cm
-1

.  

1
H-NMR (300 MHz, DMSO-d6): δ 10.06 (s, 1H, OH), 8.12 (s, 2H, NHthiourea), 7.70 – 6.82 (m, 9H, 

CHarom), 3.85 – 3.42 (m, 36H, CH2), 1.24 – 1.07 (m, 12H, CH3).  

4.  Synthesis of azido-hydrazone-rhodamine B [N3-Hy-RhB] (6) 

The synthesis of the releasable fluorescent derivative azido-hydrazone-rhodamine B (N3-Hy-RhB) 

was performed according to a five-step procedure. 

4.1. Synthesis of 2-azidoacetohydrazide (2). 450 µL of hydrazine monohydrate (9.3 mmol) were 

added to 4 mL of a 25% w/v ethyl azidoacetate (7.75 mmol) in EtOH and refluxed under stirring for 

4 hours (Pevet et al., 2011). The reaction was monitored by TLC using 7:3 EtOAc/petroleum ether 

as eluent and ninhydrin in EtOH for staining. Afterwards, the solvent was removed under vacuum 

and the product was recovered as yellow oil, 99% molar yield. The resulting acylhydrazine was 

characterized by FT-IR, 
1
H-NMR and 

13
C-NMR. 

FT-IR (KBr): 3312 (v NH), 2111 (v N3), 1684 (v C=O), 1527 (δ NH) cm
-1

.  

1
H-NMR (400 MHz, CDCl3): δ 7.68 (s, 1H, NH), 4.01 (s, 2H, CH2), 3.92 (s, 2H, NH2).  

13
C-NMR (100 MHz, CDCl3): δ 167.13 (C=O), 51.79 (CH2).  

4.2. Synthesis of 3-(Fmoc-amino)propionaldehyde (3). The hydroxyl group of 3-(Fmoc-amino)-1-

propanol was converted to aldehyde by “Swern oxidation” (Mancuso et al., 1978; Nasopoulou et al., 

2007).  A mixture of anhydrous DMSO (156 µL) and anhydrous DCM (1 mL) was added dropwise 

of 0.61 mL of 2 M oxalyl chloride (1.2 mmol) in dichloromethane (DCM) and the solution was 

maintained under stirring in dry ice/acetonitrile bath at -45 °C. After 10 min, 6 mL of a 49.7 mg/mL 

solution of 3-(Fmoc-amino)-1-propanol (1 mmol) in DCM were added dropwise to the oxalyl 

chloride solution and maintained under stirring for 20 min at -45 ˚C. Afterwards, 0.4 mL of N,N-

diisopropylethylamine (3 mmol) was added to the reaction mixture and the solution was stirred for 

30 min while the temperature was risen to -30 ˚C. Then, the solvent was removed under vacuum 

and the dry residue was dissolved in 30 mL of EtOAc. The organic phase was washed with 10 mL 

of water, twice with 10 mL of 5% NaHCO3, three times with 10 mL of water and finally with 10 

mL of brine to remove the reaction by-product diisopropyl ethyl ammonium chloride salt. The 

organic phase was dried over Na2SO4 and the solvent was removed under vacuum. The 3-(Fmoc-
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amino)propionaldehyde derivative (93% molar yield) was characterized by FT-IR,
 1

H-NMR, 
13

C-

NMR and ESI-TOF mass spectrometry. 

FT-IR (KBr): 3326 (v NH), 3049, 3020 (v CHarom), 1720 (v HC=O), 1696 (v -NH(C=O)O-), 1542 (δ 

NH) cm
-1

.  

1
H-NMR (400 MHz, CDCl3): δ 9.81 (s, 1H, CHO), 7.76 (d, 2H, CHarom), 7.57 (d, 2H, CHarom), 7.40 

(t, 2H, CHarom), 7.31 (t, 2H, CHarom), 5.15 (s, 1H, NH), 4.39 (d, 2H, CH2), 4.20 (t, 1H, CH), 3.49 (d, 

2H, CH2), 2.74 (m, 2H, CH2).  

13
C-NMR (100 MHz, CDCl3): δ 201.33 (CHO), 156.47 (-NH(C=O)O-), 144.02, 141.47, 127.84, 

127.18, 125.15, 120.12 (CHarom), 66.84 (CH2), 47.39 (CH), 44.19 (CH2), 34.60 (CH2).  

ESI-TOF mass spectrometry: expected m/z for [M+H]
+
 296.12, found 296.13.  

4.3. Synthesis of 3(Fmoc-aminopropylidene)-2-azidoacetohydrazide (4). The synthesis of (4) was 

carried out according to the procedure reported by Popioliek et al. (Popiołek et al., 2014). One mL 

of a 78 mg/mL of 2-azidoacetohydrazide (2, 0.68 mmol) in EtOH was added dropwise to 8 mL of a 

25 mg/mL of 3-(Fmoc-amino)propionaldehyde (3, 0.68 mmol) in EtOH containing 100 µL of 

glacial acetic acid. The reaction mixture was maintained under stirring and refluxed for 5 hours and 

checked by TLC using 7:3 EtOAc/petroleum ether as eluent and ninhydrin in EtOH for staining. 

The volume was reduced to 2 mL under vacuum and the mixture was maintained at 5 ˚C overnight. 

The yellow/white crystallized product was filtered, dispersed in water and lyophilized. The final 

product (4, 90% molar yield) was characterized by FT-IR,
 1

H-NMR, 
13

C-NMR and ESI-TOF mass 

spectrometry.  

FT-IR (KBr): 3307 (v NH), 3231, 3078 (v CHarom), 2106 (v N3), 1693 (v -NH(C=O)O-), 1543 (δ 

NH) cm
-1

.  

1
H-NMR (400 MHz, CDCl3): δ 7.76 (d, 2H, CHarom), 7.58 (d, 2H, CHarom), 7.41 (t, 2H, CHarom), 

7.31 (t, 2H, CHarom), 5.19 (s, 1H, NH), 4.94 (s, 1H, NH), 4.44 (d, 2H, CH2), 4.22 (t, 1H, CH), 4.17 

(s, 2H, CH2), 4.07 (s, 1H, CH), 3.44 (m, 2H, CH2), 2.47 (m, 2H, CH2).  

13
C-NMR (100 MHz, CDCl3): δ 169.82 (-NHC=O), 156.50 (-NH(C=O)O-), 146.98 (N=CH), 

143.96, 141.46, 127.86, 127.17, 125.04, 120.12 (CHarom), 66.71 (CH2), 50.27 (CH2), 47.32 (CH), 

37.66 (CH2), 32.77 (CH2).  

ESI-TOF mass spectrometry: expected m/z for [M+H]
+
 393.16, found 393.17.  

4.4. Synthesis of N'-(3-aminopropylidene)-2-azidoacetohydrazide (5). Compound 4 (150 mg, 0.38 

mmol) was dissolved in 5.4 mL of DCM and mixed with 0.6 mL of piperidine (6.07 mmol). The 

solution was stirred overnight and the deprotection of the amino group was assessed by TLC using 

7:3 EtOAc/petroleum ether as eluent and ninhydrin in EtOH for staining. Afterwards, the solvent 
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was removed under vacuum, and the crude product was dissolved in MeOH and precipitated twice 

in Et2O. The recovered product was desiccated under vacuum. The Fmoc deprotected derivative (5, 

96% molar yield) was characterized by FT-IR,
 1

H-NMR, 
13

C-NMR and ESI-TOF mass 

spectrometry.  

FT-IR (KBr): 3421 (v NH), 3168 (v CHarom), 2107 (v N3), 1671 (v C=O), 1549 (δ NH) cm
-1

.  

1
H-NMR (400 MHz, CDCl3): δ 7.15 (s, 1H, NH), 5.29 (s, 2H, NH2), 3.13 (m, 2H, CH2), 1.90 (m, 

2H, CH2), 1.66 (m, 1H, CH), 0.84 (m, 2H, CH2).  

13
C-NMR (100 MHz, CDCl3): δ 162.23 (C=O), 44.42 (CH2), 29.69 (CH), 22.45 (CH2), 22.35 

(CH2).  

ESI-TOF mass spectrometry: expected m/z for [M+H]
+
 171.09, found 171.10. 

4.5. Synthesis of azido-hydrazone-rhodamine B [N3-Hy-RhB] (6). RhB-ITC (348 mg; 0.65 mmol) in 

350 µL of anhydrous DMSO was added of 100 mg of N'-(3-aminopropylidene)-2-

azidoacetohydrazide (5, 0.59 mmol). The reaction mixture was stirred in the dark and monitored by 

TLC using 1:1 EtOAc/MeOH mixture as eluent and ninhydrin in EtOH for staining. At the 

disappearance of the primary amino group spot, the conjugate was isolated by precipitation in Et2O 

and washed three times with the same solvent. The crude product was then dissolved in water and 

the solution was immediately freeze-dried. The final product (6, 93% molar yield) was 

characterized by FT-IR and 
1
H-NMR spectrometry and used for the next step without further 

purification.  

FT-IR (KBr): 3428 (v NH), 2949 (v CH), 2737 (v CHarom), 2526, 2428, 2106 (v N3), 1629 (v C=O), 

1592, 1463, 1412, 1346, 1275, 1247, 1181 (v C=S), 1130, 1078, 1032 cm
-1

.  

1
H-NMR (300 MHz, DMSO-d6): δ 10.25 (s, 1 H, OH), 8.91 (s, 2 H, NHthiourea), 8.07 - 6.65 (m, 9 H, 

CHarom), 3.73 – 3.58 (m, 10H, CH2), 2.97 (m, 2H, CH2). 1.67 (m, 2 H, CH2), 1.56 (m, 1H, CH), 1.27 

– 1.14 (m, 12H, CH3). 

 

5. Synthesis of azido-ester-rhodamine B [N3-Es-RhB] (8) 

The fluorescent agent azido-ester-rhodamine B [N3-Es-RhB] was synthetized according to a two-

step procedure. 

5.1. Synthesis of azido-PEG395-3-aminopropanoate [N3-PEG395-3-AP] (7). The esterification of 

azido-PEG395-OH (N3-PEG395-OH) with β-alanine was carried out in the presence of trimethylsilyl 

chloride (Me3SCl) (Toomari et al., 2015). N3-PEG395-OH (1000 mg, 2.53 mmol) was dissolved in 

350 µL of dimethylformamide (DMF) and added of 23 mg of β-alanine (0.25 mmol). Me3SiCl (65 
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µL, 0.51 mmol) was added to the reaction mixture and stirred overnight under nitrogen atmosphere. 

The reaction progress was monitored by TLC using 2:8 EtOAc/MeOH mixture as eluent and iodine 

vapor and ninhydrin in EtOH to detect PEG and β-alanine, respectively. When β-alanine was 

completely reacted, the product was isolated by precipitation in 50 mL of Et2O and the recovered 

material was washed three times with the same solvent. The precipitate was dissolved in water and 

lyophilized to obtain the final ester (7). The product (92% molar yield) was characterized by FT-IR, 

1
H-NMR, 

13
C-NMR and ESI-TOF mass spectrometry.  

FT-IR (KBr): 3414 (v NH), 2911 (v CH), 2110 (v N3), 1728 (v C=O), 1620 (δ NH), 1463, 1407, 

1351 cm
-1

.  

1
H-NMR (400 MHz, D2O): δ 4.32 (m, 2H, CH2-OC=O), 3.79 (m, 2H, CH2), 3.69 (s, 26H, CH2), 

3.62 (m, 2H, CH2), 3.49 (m, 2H, NH2), 3.29 (m, 2H, CH2-NH2), 2.84 (m, 2H, OC=O-CH2).  

13
C-NMR (100 MHz, D2O): δ 174.95 (C=O), 69.52, 68.30, 35.22, 34.45, 31.20, 30.98 (CH2).  

ESI-TOF mass spectrometry: expected m/z for [M+H]
+
 467.26, found 467.28. 

5.2. Synthesis of N3-Es-RhB (8). RhB-ITC (129 mg, 0.24 mmol) in DMSO (150 µL) was added 

to100 mg of N3-PEG-3-aminopropanoate (7, 0.22 mmol) and the mixture was stirred overnight in 

the dark. The reaction was monitored by TLC using 1:1 EtOAc/MeOH mixture as eluent and 

ninhydrin solution for staining. When the primary amino groups were completely reacted, the 

mixture was dropwise added to 50 mL of Et2O to isolate the product, which was washed three times 

with the same organic solvent. The precipitate was recovered, dissolved in water and immediately 

freeze-dried. The conjugate (8, 95% molar yield) was characterized by FT-IR and 
1
H-NMR 

spectrometry.  

FT-IR (KBr): 3451 (v NH), 2976 (v CH), 2676 (v CHarom), 2495, 2103 (v N3), 1702 (v C=O), 1646 

(v C=O), 1603, 1442, 1415, 1276, 1181 (v C=S), 1094, 1037, 1013 cm
-1

.  

1
H-NMR (300 MHz, DMSO-d6): δ 10.41 (s, 1H, OH), 8.06 (s, 2H, NHthiourea), 7.88 – 5.82 (m, 9H, 

CHarom), 4.36 (t, 2H, CH2-OC=O), 3.64 – 3.56 (m, 8H, CH2), 3.55 – 3.43 (m, 32H, CH2), 2.72 (t, 

2H, OC=O-CH2), 1.25 – 1.13 (m, 12H, CH3).  

 

 

Conjugation of rhodamine B to Pull-Pr  

Three 2 mL samples of 15 mg/mL Pull-Pr (35.5 µmol GPU-Pr ) in DMSO were added of 355 µmol 

of N3-Et-RhB (1) or N3-Hy-RhB (6) or N3-Es-RhB (8) and 0.3 mL of 0.133 M CuSO4  and 0.3 mL of 

0.266 M sodium ascorbate solutions in water. Thereafter, the reaction mixtures were stirred for 72 

hours in the dark at 40 ˚C. The polymers were precipitated in acetone, washed with the same 
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solvent and dried under vacuum (Pohl and Heinze, 2008). Afterwards, the conjugates were 

dissolved in water and dialyzed in the dark for 24 hours against 5 L of milliQ water using Float-a-

lyzer with molecular weight cut-off of 20 kDa. The purified Pull-Et-RhB, Pull-Hy-RhB and Pull-Es-

RhB were lyophilized and the conjugates (92%, 90% and 93% w/w yields, respectively) were 

characterized by FT-IR, 
1
H-NMR spectrometry, and HPLC as reported in the literature (Balasso et 

al., 2017). Pull-Et-RhB, Pull-Hy-RhB and Pull-Es-RhB were dissolved in 80% 0.1 M phosphate 

buffer, pH7.4/ 20% acetonitrile at 20 μg/mL concentration and analyzed by size exclusion 

chromatography performed with a G4000PWXL column (7.8 mm x 30 cm)  eluted with the same 

buffer at a flow rate of 0.5 mL/min, 554 nm UV detector. The conjugated RhB was 

spectrophotometrically assessed according to a calibration curve obtained in water (y=0.2939 + 

0.0027, R
2
=0.996, λmax 554 nm). 

FT-IR (KBr) Pull-Et-RhB: 3754 (v OH), 3420 (v NH), 2928 (v CH), 1595 (v C=Ctriazole), 1341 (v C-

Ntriazole), 1274, 1247, 1175, 1134 cm
-1

; Pull-Hy-RhB: 3753 (v OH), 3403 (v NH), 2930 (v CH), 

2374, 1594 (v C=Ctriazole), 1340 (v C-Ntriazole), 1275, 1248, 1177 cm
-1

; Pull-Es-RhB: 3752 (v OH), 

3401 (v NH), 2928 (v CH), 2375, 2345, 1593 (v C=Ctriazole), 1412, 1340 (v C-Ntriazole), 1275, 1248, 

1177 cm
-1

.  

1
H-NMR (400 MHz, DMSO-d6) Pull-Et-RhB: δ 7.95 – 6.45 (m, 10H, CHarom), 5.93 – 3.47 (m, 92H, 

CH and CH2), 1.22 - 1.09 (m, 12H, CH3); Pull-Hy-RhB: δ 8.80 – 6.61 (m, 10H, CHarom), 5.82 – 3.48 

(m, 68H, CH and CH2), 2.98 (m, 2H, CH2), 1.66 (m, 2H, CH2), 1.54 (m, 1H, CH), 1.24 – 1.18 (m, 

8H, CH3); Pull-Es-RhB: 8.85 – 6.35 (m, 10H CHarom), 5.90 – 3.43 (m, 93H, CH and CH2), 2.68 (m, 

2H, CH2), 1.21 – 1.16 (m, 12H, CH3).  

 

Dynamic light scattering 

Solutions of 200 μg/mL of Pull-Et-RhB, Pull-Hy-RhB and Pull-Es-RhB in 20 mM phosphate buffer 

with 0.15 M NaCl (PBS), pH 7.4, were analyzed by dynamic light scattering (DLS) using a 

Zetasizer Nano ZS (Malvern Instrument Ltd., Malvern, UK). Particle size, polydispersity index 

(PDI) and zeta potential were evaluated. Each polymer was analyzed 5 times and the particle size 

was expressed as intensity-weighed diameter± SD.  

 

Transmission electron microscopy 

Solutions of 500 μg/mL of Pull-Et-RhB, Pull-Hy-RhB and Pull-Es-RhB in PBS, pH 7.4, were 

analysed by transmission electron microscopy (TEM) using a Tecnai G2 microscope (FEITM, 

Hillsboro, OR, USA). The samples were initially deposited on a carbon coated copper grid and the 
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volume in excess was removed using a filter paper. The samples were stained with a 1% w/w uranyl 

acetate solution in distilled water and finally analysed.  

 

Rhodamine B derivative (RhB) release  

Solutions of 200 μg/mL of Pull-Et-RhB, Pull-Hy-RhB and Pull-Es-RhB in PBS at pH 7.4, 5.5 and 

3.0 were dialyzed using a Slide-A-Lyzer™ MINI dialysis bag (cut off 20 kDa) against 250 mL of 

similar blanc buffer at room temperature in the dark. At pre-set time points, aliquots of the solutions 

were withdrawn from the dialysis bag and analysed with a Varioskan™ LUX multimode microplate 

reader (Thermo Fisher Scientific, Madison, WI, USA). The fluorometric detector was set at λex 543 

nm and λem 580 nm. The mean values and standard deviations were derived from three independent 

experiments. 

In a parallel experiment, aliquots of 50 μL from the 200 μg/mL solutions of Pull-Et-RhB, Pull-Hy-

RhB and Pull-Es-RhB in PBS at pH 7.4, 5.5 and 3.0 were withdrawn at scheduled times and added 

of 200 μL of EtOH. The samples were centrifuged for 10 min at 10,000 rpm and analysed by RP-

HPLC (eluent A water/0.05%TFA, eluent B acetonitrile 0.05% TFA; 80% A 0-5 min, 30 min 

10%A, 35 min 10%A; flow rate 1 mL; spectrophotometer detector set at 554 nm), and mass 

spectrometry with ESI-Quad TOF Water Xevo G2-S QTof system (Milford, MA-USA). 

 

Cell culture 

ARPE-19 (adult retinal pigment epithelial cell line-19, ATCC® CRL-2302) were cultured at 37 ˚C 

and 5% CO2 in a humidified atmosphere, using DMEM/F-12 medium supplemented with 10 % 

FBS, 2 mM L-glutamine, 100 IU/mL penicillin and 100 μg/mL streptomycin. 

 

Cytotoxicity 

ARPE-19 cells were seeded on a 96-well plate at a density of 3x10
4
 cells/well and incubated for 24 

hours in a humidified 5% CO2 atmosphere at 37 °C. The medium was discarded, the cells were 

washed three times with 200 µL of PBS, pH 7.4, and incubated with pullulan bioconjugate solutions 

(Pull-Et-RhB, Pull-Hy-RhB and Pull-Es-RhB) at various concentrations (10, 50, 100 and 200 

µg/mL, 200 µL/well) in serum free cell culture medium. After 4, 6 and 24 hours the pullulan 

solutions were removed, and the cells were rinsed with 200 µL of PBS, pH 7.4, and incubated with 

200 µL of complete medium containing 0.5 mg/mL MTT. The medium was removed after three 

hours of incubation at 37 °C and replaced with 200 µL/well of DMSO. After 30 minutes the wells 
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were analyzed spectrophotometrically with a Varioskan™ LUX system set at λ 570 nm. The 

analysis was performed in triplicate and cell viability was expressed as percentage using the non-

treated cells as controls (100% cell viability).  

 

Flow cytometry analysis (FACS) 

ARPE-19 cells were seeded at a density of 2x10
5
 cells/well in a 24-well plate in complete medium 

and grown for 24 hours. Afterwards, the cells were washed three times with 300 µL of PBS, pH 7.4, 

and treated with 250 µL/well of Pull-Et-RhB, Pull-Hy-RhB and Pull-Es-RhB solutions in serum free 

DMEM/F-12 at the concentrations of 10, 50, 100 and 200 µg/mL. After 1 hour of incubation the 

cells were washed three times with PBS and, thereafter, three times with PBS (pH 7.4), containing 

10% FBS to remove non-specifically adsorbed polymers from the surfaces of the cells and plastics. 

Cell detachment from the wells was carried out using 8 min incubation at 37 °C in the presence of 

150 µL of TrypLE™ Express (Thermo Fisher Scientific, Madison, WI, USA). Subsequently, 400 

µL of complete medium was added to each well to inactivate trypsin proteolytic activity, cells were 

collected and transferred into flow cytometry tubes. The tubes were centrifuged at 800 rpm for 5 

min, the supernatant was discarded, and the cell pellet was resuspended in PBS, pH 7.4, (500 

µL/tube). The cell samples were stored in the dark, on an ice bath and analysed within few hours 

with a flow cytometer (BD LSR II, BD Biosciences, San Jose, CA, USA) using laser irradiation (λex 

561 nm) for rhodamine B detection. At least 10
4
 cells/sample were analysed. 

 

Confocal microscopy 

ARPE-19 cells were seeded onto 35 mm imaging dishes (MatTek, Ashland, OR, USA) at a density 

of 1.5x10
5
 cells/well in DMEM/F-12 medium supplied with 10% FBS. After 24 hours, the cells 

were treated with 100 µg/mL of Pull-Et-RhB, Pull-Hy-RhB and Pull-Es-RhB dissolved in 

DMEM/F-12 without FBS for 1 hour. Then, the medium was removed, and the cells were first 

washed three times with PBS, pH 7.4, and then three times with PBS, pH 7.4, supplied with  10% 

FBS. The cells were fixed using 20 min incubation with 4 w/v % paraformaldehyde (PFA) in PBS 

(pH 7.4). Afterwards, the cells were washed three times with PBS, pH 7.4, and the cell membranes 

were labelled by 10 min incubation at room temperature with a 5 µg/mL of a Wheat Germ 

Agglutinin-Alexa Fluor 633 (WGA-Alexa Fluor 633) solution in PBS, pH 7.4. The cells underwent 

three washing cycles with PBS, pH 7.4, and the nuclei were stained by 10 min incubation at room 

temperature with a 5 µg/mL DAPI solution in PBS, pH 7.4. Finally, the cells were washed with 

PBS, pH 7.4, and coverslips were mounted on a glass slide in Mowiol mounting medium (Sigma 
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Aldrich, St. Louis, MO, USA). Images were collected with a Zeiss LSM 800 confocal microscope 

using 405 nm laser for DAPI, 561 nm laser for rhodamine B and 631 nm laser for WGA–Alexa 

Fluor 633 detection. The images were then processed with ImageJ software 1.47v (National 

Institutes of Health software package by Wayne Rasband; Bethesda, MD, USA). 

 

Diffusion in ex vivo porcine vitreous 

Porcine eyes were obtained from a slaughterhouse (HKScan, Forssa, Finland) and delivered in ice. 

After transportation, the extraocular tissues were removed, the eyes were quickly washed with 70% 

EtOH, transferred in PBS, pH 7.4, and stored overnight at 4 °C. The diffusion studies with pullulan 

conjugates were performed within 30 hours after sacrificing the animal as previously described 

Tavakoli et al. (Tavakoli et al., 2020a). The eyeballs were placed on a petri dish and the anterior 

ocular parts were cut and removed. Firstly, a short incision was performed into the sclera 

perpendicularly to the anterior-posterior axis using a scalpel blade about 2 mm away from the iris. 

Then, the anterior section was removed by cutting with scissors circumferentially around the eye. 

The lens was removed by tweezers, leaving only the intact vitreous body in the posterior part of the 

eye (Figure SI-1, Supporting Information). Fifty μL of 0.2 mg/mL Pull-Et-RhB, Pull-Hy-RhB and 

Pull-Es-RhB solutions in PBS, pH 7.4, were intravitreally injected using a 30G BD Micro-Fine™ 

insulin syringe (BD, Franklin Lakes, NJ, USA) at a depth of 0.5 cm. Thereafter, the vitreous was 

covered with a 35 mm microwell dish equipped with a 14 mm diameter glass window at the bottom 

(MatTek Corporation, Ashland, MA, USA). The dish was placed on the vitreous surface avoiding 

bubble formation between the vitreous and the glass. Finally, the dish with the eyeball was turned in 

order to have vitreous facing down and the posterior eyeball facing up. The edges of the eyes were 

fixed using Loctite Precision
®

 super glue before the confocal microscopic analysis was carried out. 

The pullulan conjugates were visualized and tracked in the vitreous using a 3I Marianas spinning 

disk confocal microscope equipped with an Andor Neo sCMOS camera by irradiation with the 561 

nm laser source, and a 63x objective lens. Slidebook® 6 software (Intelligent Imaging Innovation, 

Colorado, USA) was used to register 15 sec movies at 150 ms temporal resolution. The eyes were 

incubated at 37 ˚C for 15 minutes prior to the microscopic observation. Visualization was carried 

out at 37 ˚C and at a 0.10-0.4 mm depth from the glass. The movements of nanoparticles in the 

vitreous were analysed using Imaris software (Bitplane AG, Zurich, Switzerland). Data obtained 

with confocal microscope were processed by multiple particle tracking software. The software 

generates spots representing each particle and records their routes and rates of movement. The 

amplitude of the trajectories described by particles as mean square displacement (MSD) in μm
2
 was 

extrapolated. MSD is defined as the portion of space explored by an object in random motion over 
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time. The computationally generated spots and diffusion pathways background noise were corrected 

and large particles or aggregates that move abnormally were excluded. At least ten videos per 

sample were recorded and three of them (>100 particles/video) were analysed to derive statistics. 

The particle movement in the videos was similar, thus three videos was considered to be adequate 

to reach reliable conclusions. In total, the diffusion route of one hundred spots were used in the 

calculation of the MSD for each formulation with MATLAB® plug-in software for Imaris (The 

MathWorks, Inc. Massachusetts, USA) (Tarantino et al., 2014). The MSD values were used to 

assess the diffusion coefficient in vitreous (Dv).   

The diffusion coefficients in the vitreous were calculated using the values obtained with the 

software, by plotting MSD (μm
2
) versus time (s) and taking into account a 1 sec time frame. In 

Equation 3, Dv is the diffusion coefficient expressed in μm
2
/s, MSD is the mean square 

displacement (unit μm
2
), 4 is a constant for two-dimensional diffusion and t is time in seconds.  

   
   

  
                

The theoretical diffusivity in water was derived using the Stokes-Einstein equation (Equation 4), 

where Dw is the calculated diffusion coefficient (μm
2
/s), R is the molar gas constant with a value of 

8.314 J/mol·K, T is the temperature (298.15 K), η is the viscosity of the solvent (8.90 x 10
-4

 kg/s·m 

for water at 298.15 K), r is the mean radius of particles in meters, measured by dynamic light 

scattering and N is the Avogadro’s number (6.022 x 10
23

). 

     
  

     
               

 

Biodistribution studies in the eyes of mice 

Adult (6-8 weeks old) C57BL/6J mice (Harlan, Indianapolis, IN) were housed and bred in a 

standard room and exposed to a 12-hour light/dark cycle with free access to food and water. All 

procedures were conducted under the regulation of the United Kingdom (UK) Home Office 

Animals (Scientific Research) Act 1986 and were in compliance with the ARVO Statement for the 

Use of Animals in Ophthalmology and Vision Research. The protocols were approved by the 

Animal Welfare & Ethical Review Board of Queen’s University Belfast.  

Intravitreal injections were performed under a surgical microscope using mice that were 

anaesthetized with isoflurane (Merial; Animal Health Ltd., Essex, UK). Pupils were dilated using 

1% tropicamide and 2.5% phenylephrine (Chauvin, Essex, UK). Viscotears Liquid Gel (Novartis 
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Pharmaceuticals UK Ltd., Surrey, UK) were used to improve the visibility of the fundus. A 33-

gauge needle (Hamilton Bonaduz AG, Bonaduz, Switzerland) was inserted from the limbus with a 

45° injection angle into the vitreous. The direction and location of the needle was monitored 

through the microscope. One μL of Pull-Et-RhB, Pull-Hy-RhB and Pull-Es-RhB at 500 ng/mL, or 1 

μL of PBS, pH 7.4, were injected intravitreally using a repeating dispenser (PB-600-1; Hamilton 

Bonaduz). Fundus images were taken with the Micron IV system (Phoenix Research Labs, 

Pleasanton, CA, USA) at 6 and 12 hours after intravitreal injection. The mice received 100 µL of 

fluorescein concanavalin A (Vector Laboratories, Burlingame, CA, USA) intravenously to label the 

posterior segment blood vessels and 15 min later, the eyes were collected, retinal flat mounts 

prepared, and examined by confocal microscopy (Leica SP5, Leica Microsystems, Wetzlar, 

Germany). 

 

Statistical analyses 

The data related to in vitro and ex vivo studies were expressed as mean ± SD calculated from three 

independent experiments. Statistical analysis was determined by the two-tailed Student’s t-test 

using GraphPad Prism 5 Software. 

 

RESULTS AND DISCUSSION 

Conjugate synthesis and characterization 

The pullulan conjugates described in this study (Pull-Et-RhB, Pull-Hy-RhB and Pull-Es-RhB) were 

designed to investigate the effect of chemical linkers on intravitreal delivery of conjugated 

molecules, such as drugs.  RhB was conjugated to the polysaccharide backbone through linkers with 

different stability using ether (Et), hydrazone (Hy) and ester (Es) bonds. Rhodamine B is a 

fluorescent dye that can be exploited biological experiments.  

Pull-Et-RhB, Pull-Hy-RhB and Pull-Es-RhB were prepared according to multistep procedures 

(Schemes SI-1-3), which included the activation of pullulan by tosylation and then propargylation 

(Pull-Ts and Pull-Pr, respectively). Tosylation is a consolidated method widely used for activation 

of OH primary hydroxyl groups in position 6 of glucopyranose units (GPU) of oligo- and 

polysaccharides (Horton et al., 1973; Klemm et al., 2005; Liebert and Heinze, 2005; Pohl and 

Heinze, 2008). 
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The elemental analysis of Pull-Ts showed 6.7% S content, which corresponds to a substitution 

degree (DStos) of about 50% of glucopyranose units, (1:2 tosyl moieties/GPU molar ratio). 

Therefore, the tosylation of pullulan has been found to be an efficient process, also in consideration 

of the steric hindrance of the tosyl moiety along the polysaccharide backbone.  

After Pull-Ts reaction with propargylamine, the S and N contents in the Pull-Ts-Pr intermediate 

were 4.3% and 1.7%, respectively. According to Equations 1 and 2, these values corresponded to a 

propargyl substitution degree (DSC≡C) of 22% of GPU and a residual tosyl content (DStos) of about 

28% of GPU. These results were confirmed by 
1
H-NMR (Figure SI-2), 

13
C-NMR (Figure SI-3) and 

FT-IR analyses (Figure SI-4). The pullulan propargylation decreased the 
1
H-NMR signals (Figure 

SI-2) referred to the aromatic protons of the tosyl groups (ppm 7.2 – 7.9) and was associated to the 

appearance of the 
13

C-NMR signals (Figure SI-3) referred to the alkyne carbons at 73.70 (-CH2-C≡

CH), 62.54 (-CH2-C≡CH) and 37.38 (-CH2-C≡CH) ppm. The FT-IR spectrum of Pull-Ts-Pr 

(Figure SI-4) showed the presence of alkynes of the propargyl moiety at 3292 and 2116 cm
-1

, the 

aromatic ring at 3100 cm
-1

 and the sulfonyl group of the tosyl moiety at 1363 and 1177 cm
-1

. The 

complete displacement of the tosyl groups achieved by Pull-Ts-Pr reaction with a large excess of 

ethanolamine was confirmed by the disappearance of the 
1
H-NMR signal at ppm 7.2 – 7.9 referred 

to the aromatic tosyl protons (Figure SI-5), and partially restored the hydrophilicity of pullulan.  

The chemical intermediates N3-Et-RhB, N3-Hy-RhB and N3-Es-RhB were synthesized to conjugate 

the RhB derivatives to the propargylated pullulan by click chemistry through different chemical 

bonds with different stability: ether (N3-Et-RhB), hydrazone (N3-Hy-RhB) and ester (N3-Es-RhB).  

N3-Et-RhB was synthesized to conjugate RhB to pullulan through an ether function (Et). This 

derivative was obtained by straightforward reaction of activated RhB-ITC with the amino group of 

N3-PEG-NH2. The 
1
H-NMR spectrum of the derivative shows the signals of the methyl groups of 

rhodamine B at 1.24-1.07 ppm (12 protons) and the ethoxy groups of PEG and methylene groups of 

rhodamine B at about 3.5 ppm (36 protons).  

N3-Hy-RhB was synthesized to conjugate RhB to pullulan through an hydrazone function (Hy). This 

derivative was obtained by a multi-step protocol. First, the Swern oxidation of 3-(Fmoc-amino)-1-

propanol yielded the corresponding aldehyde (3) that was confirmed by the appearance of the 

aldehyde FT-IR signal at 1720 cm
-1

, the aldehyde proton signal in the 
1
H-NMR spectrum at 9.81 

ppm and the carbonyl group signal in the 
13

C-NMR spectrum at 201.33 ppm. The aldehyde group 

conversion to hydrazine (4) was obtained by reaction with 2-azidoacetohydrazide as confirmed by 

the disappearance of the aldehyde 
13

C-NMR signal and the presence of two new signals detected at 
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169.82 and 146.98 ppm, which were attributable to C=O and C=N carbons of the hydrazone moiety. 

After alkaline treatment, the mass spectrometry analysis showed the presence of the deprotected 

derivative. The 
1
H-NMR spectrum of the product obtained by reaction of the hydrazone derivative 

with RhB-ITC, revealed the presence of signals at 1.27-1.14 ppm integrating for 12H and referred to 

4 CH3 of rhodamine B moiety, and at 2.97 and 1.67 ppm referred to the methylene proton of the 

hydrazone, each integrating for 2H, with a shift of the protons of the alpha methylene group of the 

thiourea from 0.84 to 3.64 ppm.  

N3-Es-RhB was synthesized to conjugate RhB to pullulan through an ester function (Es). This 

derivative was synthesized by reacting hydroxyl-PEG-azide with β-alanine using trimethylsilyl 

chloride for esterification to yield compound (7). The formation of the ester bond was proved by the 

presence of the carbonyl signal at 1720 cm
-1

 in the FT-IR spectrum and signal at 174.95 ppm in the 

13
C-NMR spectrum. The 

1
H-NMR spectrum of N3-Es-RhB showed the shift of the methylene group 

protons of the β-alanine (-CH2NH2) from 3.29 to 3.50 ppm that confirmed the formation of the 

thiourea bond when the conjugate with RhB was formed. The spectra presented also the signals 

related to the protons of the four rhodamine B moiety methyl groups (-CH3) at ppm 1.25-1.13 (12H) 

and of the ethoxy monomers of PEG (-OCH2-CH2-) at ppm 3.55 – 3.43 (32H). 

The identities of N3-Et-RhB, N3-Hy-RhB, N3-Es-RhB were also confirmed by the FT-IR signal 

(Figure SI-6) of the thiocarbonyl group (C=S) at 1181 cm
-1

 and the absence of the isothiocyanate 

signal (-N=C=S) at 2270 cm
-1

 and the 
1
H-NMR signal at ppm 8.5 corresponding to the protons of 

the thiourea (-NH-CS-NH-).  

N3-Et-RhB, N3-Es-RhB and N3-Hy-RhB were conjugated to Pull-Pr yielding 1,4-disubstituted 1,2,3-

triazoles according to a regioselective reaction. The conjugation reaction was carried out using 

excess of the RhB derivatives with respect to the Pr units in order to obtain complete Pr 

conjugation. The formation of the pullulan conjugates was confirmed by the FT-IR spectra that 

showed the presence of the triazole signal at 1590 and 1320 cm
-1

, and the disappearance of both the 

alkyne signals at 3292 and 2116 cm
-1 

and azide signal at 2106 cm
-1 

(Figure SI-7).  Pull-Et-RhB, 

Pull-Hy-RhB and Pull-Es-RhB described in Figure 1 were obtained with high yields, and the UV-

Vis analyses of the products showed that 22±0.6% of pullulan GPU were functionalized with RhB, 

which corresponded to the complete propargyl moiety derivatization with the RhB derivatives.  
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Figure 1. Chemical structures of the conjugates Pull-Et-RhB, Pull-Hy-RhB and Pull-Es-RhB 

highlighting the different Pull-RhB linking strategies. 

 

Pullulan conjugates form nanoparticles  

Dynamic light scattering (DLS) and transmission electron microscopy (TEM) analyses were 

performed to investigate the self-association and aggregation properties of the pullulan conjugates. 

It is known that pullulan derivatized with hydrophobic moieties undergo self-assembly into 

spherical nanoparticles (Bonzi et al., 2015; Scomparin et al., 2015; Tao et al., 2016). On the other 

hand, size and shape of nanoparticles are important features affecting the administration and 

retention in the posterior eye segment of nanoparticles and their therapeutic performance (Jo et al., 

2015). 
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The DLS data (Figure 2A, Table I) show that the bioconjugates form nanoparticles with an average 

size in the range of 20-30 nm, and the TEM images reported in Figure 2B show that the 

nanoparticles are spherical.  

 

 

Figure 2. Profiles of the DLS size analyses (A) and TEM images of Pull-Et-RhB, Pull-Hy-RhB and 

Pull-Es-RhB. Scale bar on each TEM images indicates 50 nm. 

 

The smaller size of the nanoparticles with respect to those of other pullulan bioconjugates reported 

in the literature is ascribable to the different hydrophobicity of the conjugated molecule and degree 

of conjugation (Tao et al., 2018; Yuan et al., 2018). The results in Table I show modest size 

differences among the bioconjugates. Unexpectedly, Pull-Et-RhB seems to have larger particle size 

than Pull-Es-RhB even though the conjugates contain similar number of short oxyethylene linkers. 

Furthermore, Pull-Hy-RhB and Pull-Es-RhB have similar size, despite the former does not contain 

oligooxyethylene linkers. These data suggest that the size of the nanoparticles results from a 

combination of interactions among the hydrophobic chemical moieties of the conjugates.  However, 

the size differences are small and all the nanoparticles have small size that is required for 

permeation across the inner limiting membrane (ILM) and diffuse in the vitreous (Del Amo et al., 

2017).  
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Table I. Particles sizes of Pull-Et-RhB, Pull-Hy-RhB and Pull-Es-RhB obtained by dynamic light 

scattering (DLS) and transmission electron microscopy (TEM). 

 

 

 

 

 

The DLS analyses performed in PBS, pH 7.4, showed also that the nanoparticles at the highest 

conjugate concentrations (200 µg/mL) were physically stable under physiological conditions over 

several days without aggregation (data not shown).  

 

Pullulan conjugates show prolonged cargo release  

In order to select a bioconjugate with prolonged release of the conjugated molecules, the effect of 

the linkers with different hydrolytic stability on the release of conjugated molecules (rhodamine B 

derivatives, RhB) was investigated at pH 7.4 and 5.5, which mimic the pH-conditions in the vitreous 

and lysosomes within the cells, respectively. The RhB release at pH 3.0 was also evaluated to verify 

the stability of the system under stressing conditions.  

The release profiles reported in Figure 3 show that in all cases the RhB derivatives were released 

according a multimodal behavior with a burst release followed by slower release. It is worth to note 

that the burst RhB release observed with the bioconjugates is not attributable to residual unbound 

RhB. Indeed, the chromatographic analyses of the final products show that neither RhB-ITC nor its 

unconjugated derivatives, namely N3-Et-RhB, N3-Hy-RhB and N3-Es-RhB, were present in the final 

product (Figure SI-8). The multimodal release from the pullulan conjugates with different linkers 

suggests that the nanoparticles have regions with different water accessibility or structural 

rearrangements within the assemblies. Reasonably, the external layer of the assemblies is more 

exposed to hydrolysis and linkers can be rapidly cleaved while the linkers are protected from 

hydrolysis in the core of the nanoparticles thereby providing prolonged release.  

 

 
Pull-Et-RhB Pull-Hy-RhB Pull-Es-RhB 

DLS (nm) 29.3 ± 1.9 20.4 ± 1.7 18.9 ± 1.0 

PDI 0.51 0.46 0.57 

TEM (nm) 28.9 ± 4.2  18.8 ± 3.4 16.4 ± 4.4 
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Figure 3. In vitro RhB derivative release from Pull-Et-RhB (A), Pull-Hy-RhB (B) and Pull-Es-RhB 

(C) at pH 7.4 (), pH 5.5 (□) and pH 3.0 (●). 

 

Figure 3A shows that Pull-Et-RhB yielded low RhB release without significant pH related changes. 

At all pHs, less than 25% was released in 26 days, which is in agreement with the high stability of 

the ether bond. HPLC and ESI-TOF mass spectrometry showed the presence of several signals of 

non-identified RhB derivatives suggesting that the RhB released products resulted from multiple 

degradation processes. 

Figure 3B shows that the release of RhB from Pull-Hy-RhB was pH dependent: at the intravitreal 

pH of 7.4 it was slow, while the release at lysosomal pH of 5.5 was much faster. Burst RhB release 

was followed by slow release. According to the low stability of the hydrazone bond under acidic 

conditions, the fastest release was obtained at pH 3.0 (90% in 131 hours). At pH 5.5 a burst release 

was took place during the first 31 hours, yielding 44% RhB release, followed by a second phase  

(81% released in > 10 days). All release (≈96%) took place in 27 days. At vitreal pH of 7.4 the RhB 

release was remarkably slow, only 78% was released in 27 days. The HPLC analysis showed the 

presence of various RhB derivatives. However, in such a case, mass spectrometry analysis showed 

that the main peak corresponded to the RhB resulting from the cleavage of the hydrazone bonds 

(Figure SI-9).  

Figure 3C shows that RhB derivative release from Pull-Es-RhB was faster than from Pull-Hy-RhB at 

all pH levels.  At pH 3 and 5.5, about 60% and 45% of conjugated RhB was released in 7 hours, 

respectively. Thereafter, the release was much slower and was completed in 20 days. At pH 7.4, the 

RhB release was slower: burst release of 40% took place in 69 hours, followed by 75% release in 

12.5 days and finally 95% in 27 days. The HPLC analysis showed the presence of several RhB 

products, which could not be clearly identified by mass spectrometry analysis. The derivative 
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resulting from ester bond cleavage was not found, which may be due to the poor mass spectrometry 

detection efficiency of this compound that contains several charges. 

These results show that the ether bond cannot be exploited to yield efficient release of conjugated 

molecules, whereas the ester bond yielded rapid release from the pullulan conjugate. The present 

study investigated only chemical cleavage, but the vitreous contains also esterases (Agrahari et al., 

2016) that might further increase the release rate of cargo from ester-based pullulan conjugates (eg. 

Pull-Es-RhB). Hydrazone bond may provide sustained release of conjugated molecules through pH 

sensitive cleavage in the vitreous for several weeks and faster release in the cellular lysosomes.  

 

Diffusion of pullulan conjugates in the vitreous 

The therapeutic performance of intravitreal nanosized drug delivery systems depends on their 

diffusivity in the vitreous. Since nanoparticles do not cross the tight blood-retina barrier, their 

vitreal elimination may be governed by diffusion through vitreous to the anterior chamber, followed 

by elimination in the aqueous humor outflow. The crucial role of anterior elimination pathway has 

been described in more detail for intravitreal macromolecules (Araie and Maurice, 1991; del Amo 

et al., 2015; Hutton-Smith et al., 2016). Slow diffusion favors prolonged retention in the vitreous 

cavity (Hutton-Smith et al., 2016). On the other hand, diffusion in the vitreous and permeation 

across the inner limiting membrane (ILM) are prerequisites for the retinal delivery (Del Amo et al., 

2017; Pitkänen et al., 2004).  

Diffusion of the pullulan conjugates was investigated by single particle tracking after intravitreal 

injection into the vitreous of ex vivo porcine eyes (Figure SI-1). The tracing speeds reported in 

Figure 4A are in the range of 0.3-0.4 μm/sec. The representative trajectories described in Figure 4B 

show that the conjugates have similar behavior.  

The diffusion coefficients in water were calculated with Stokes-Einstein equation (Eq. 2), which 

takes into account the size of the conjugates measured by DLS. Interestingly, all pullulan conjugates 

have at least 1000 times smaller diffusion coefficients in the porcine vitreous than in water (Table 

2). Furthermore, diffusivities of pullulan conjugates were about 10
4
 times smaller than those of 

small molecular drugs (Araie and Maurice, 1991; Xu et al., 2000). For example, vitreal diffusion 

coefficient of dexamethasone (510 µm
2
/s) is about 25000 higher than the diffusion coefficient of the 

pullulan conjugates. 
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Figure 4. Single particle tracking analysis was used to assess particle mean speed (A) of Pull-Et-

RhB, Pull-Hy-RhB and Pull-Es-RhB particles in the vitreous. Representative example trajectories of 

the particles in the vitreous (B). 

 

It is worth to note that, despite their small size and neutral surface, the diffusion coefficients of the 

three conjugates were comparable with those of 800 nm PEGylated polystyrene nanoparticles or 

positively charged (+39 mV) 200 nm amino-terminated polystyrene nanoparticles (Käsdorf et al., 

2015; Xu et al., 2013). Also, diffusion of pullulan bioconjugates was at least ~25 times slower than 

the diffusion of neutral and negatively charged liposomes (size ≈ 100 nm) (Del Amo et al., 2017). 

Actually, the mesh size in the vitreous has been estimated to be about 550 nm (Zhang et al., 2012) 

and, based on their size, pullulan conjugates should have much faster diffusion in the vitreous. The 

low mobility of the pullulan bioconjugates may be ascribed to physicochemical interactions with 

hyaluronic acid or other components of the vitreous. It is likely that the surprisingly slow diffusion 

of pullulan conjugates prolongs the retention of these materials in the vitreous.  
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Table II. Diffusion coefficients of Pull-Et-RhB, Pull-Hy-RhB and Pull-Es-RhB in vitreous (Dv) and 

in water (Dw).  

 

 

 

 

 

Cytotoxicity and cellular uptake  

Cell viability, uptake and intracellular distribution of the pullulan conjugates were studied in ARPE-

19 cells. The cell viability data reported in Figure 5 show that after 24 h incubation all pullulan 

conjugates display negligible cytotoxicity.  

 

Figure 5. Cellular viability in ARPE-19 cells after 24 h exposure of Pull-Et-RhB (■), Pull-Hy-RhB 

(■) and Pull-Es-RhB (■) at different concentrations.  

 

Flow cytometry profiles reported in Figure 6 show that the conjugates undergo significant dose-

dependent cell association and the cellular uptake was neither affected by the Pull-RhB linker nor 

by the size of the conjugate assemblies.   
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Figure 6. Flow cytometric results from ARPE-19 cells after incubation for 1 hour with 200 µg/mL 

of Pull-Et-RhB, Pull-Hy-RhB and Pull-Es-RhB. A. Cell counts at various levels of cellular 

fluorescence; B. Relative mean fluorescence intensity (MFI) of ARPE-19 cells incubated with Pull-

Et-RhB (■), Pull-Hy-RhB (■) and Pull-Es-RhB (■).  

 

The confocal microscopy images (Figure 7) show that the conjugates are taken up by the cells and 

distributed within the cytosol. The line scanning fluorescence (Figure 7E-F) and quantification of 

the RhB fluorescence (Figure 7D) confirmed similar intracellular disposition of the three 

conjugates. At this point we do not know the exact mechanism of the cellular internalization, but 

ARPE-19 cells are known to have strong phagocytic capacity (Samuel et al., 2017). Anyway, strong 

cytosolic disposition of the pullulan conjugates is an interesting and novel finding.   

g/mL 
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Figure 7. Confocal microscopy images of ARPE-19 cells incubated with Pull-Et-RhB (A), Pull-Hy-

RhB (B) and Pull-Es-RhB (C). Cell nucleus was stained with DAPI in blue, cell membrane was 

represented in green upon staining with WGA-AlexaFluor 633 and Rhodamine in red. A 

magnification of the cell in the white square and the line scanning analysis along the dotted line are 

represented respectively in A’ and A’’ (Pull-Et-RhB), B’ and B’’ (Pull-Hy-RhB) and C’ and C’’ 

(Pull-Es-RhB). The quantification of red fluorescence intensity (D) expressed as arbitrary unit/cell 

was derived by analyzing 10 microscopic fields with an average of 25 cells per field. Z-stack 

projection of a cell incubated with Pull-Hy-RhB (E) and Pull-Es-RhB (F). 

 

Disposition in the mouse retina in vivo  

In order to evaluate the retinal permeation of the conjugates, intravitreal injections of Pull-RhB 

conjugates were given to the mice and fluorescence levels in the retina were analyzed. The fundus 

examination of the mice (Figure 8A) did not show any abnormalities after the injections.  
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Figure 8. The distribution of Pull-Es-RhB, Pull-Hy-RhB and Pull-Et-RhB in mouse retina. Mice 

received 1 µl (500 ng/mL) of Pull-RhB conjugates. Fundus and retinal flat mounts were examined 

at 6 and 24 hours after the injections. (A) fundus images. (B-E) confocal images of retinal 

flatmounts showing the distributions of Pull-Es-RhB (B), Pull-Hy-RhB (C) and Pull-Et-RhB (D) in 

mouse retina at 6 and 24 hours after injections and in the PBS control (E). The blood vessels were 

labeled by concanavalin A (green) and bioconjugates were in red. Abbreviations: ganglion cell layer 

(GCL); inner plexiform layer (IPL); outer plexiform layer (OPL). Scale bars correspond to 50 m. 
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Figure 8B shows that 6 hours after the intravitreal injection, Pull-Es-RhB localized mainly in the 

ganglion cell layer (GCL) and inner plexiform layer (IPL), while a small number of particles were 

detected in the outer plexiform layer (OPL). By 24 hours post-injection, many Pull-Es-RhB 

particles were detected in the investigated retinal layers, including the RPE. Furthermore, Figure 9A 

shows that Pull-Es-RhB particles did not co-localize within ConA labelled retinal vessels, 

suggesting that the particles remain in retinal parenchyma.  

Figure 8C shows that 6 h after Pull-Hy-RhB injection many particles localized in the GCL, IPL and 

OPL and remained detectable in all retinal layers for 24 hours after injection. The GCL had higher 

levels of fluorescence compared to other layers indicating that the conjugate distributed in this layer 

at highest extent 6 h post-injection. Interestingly, in the case of Pull-Hy-RhB higher number of 

particles was detected in the retinal blood vessels suggesting that the particles might penetrate the 

inner blood retina, possibly entering the systemic circulation. RPE flatmount examination reported 

in Figure 9B revealed few Pull-Hy-RhB particles in the RPE layer 24 hours after intravitreal 

injection. The lower levels of Pull-Hy-RhB particles in the retina and RPE 24 hours after injection 

may be due to the removal of the particles by retinal circulation.  

Figure 8D shows that 6 hours after intravitreal injection the Pull-Et-RhB particles poorly distributed 

in the ganglion cell layer (GCL), inner plexiform layer (IPL) and outer plexiform layer (OPL).  The 

particle accumulation increased over 24 h in all retinal layers, including RPE. Figure 9C shows that 

the Pull-Et-RhB particles did not co-localize with ConA labelled blood vessels.  
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Figure 9. The distributions of Pull-Es-RhB, Pull-Hy-RhB and Pull-Et-RhB in mouse RPE 24 hours 

after intravitreal injection. Mice received 1 µl (500 ng/mL) of Pull-RhB conjugates. RPE flat 

mounts were examined 24 hours after the injections and examined by confocal microscopy. (A-C) 

confocal images of RPE flatmounts showing the distributions of Pull-Es-RhB (A), Pull-Hy-RhB (B) 

and Pull-Et-RhB (C). Green: choroidal blood vessels labeled by concanavalin A. Some RPE cells 

were also positive for concanavalin A suggesting RPE may have the ability to find concanavalin A 

leaking from choroidal blood vessels; Red: bioconjugated nanoparticles. Scale bars correspond to 

50 m. 

 

These results indicate that the pullulan conjugates are capable of permeating to the retina layers, 

even though there are some relative differences in the permeation of different conjugates. Retinal 

permeation of pullulan conjugates is an interesting finding, because the assemblies are larger than 

the proposed cut-off size of the inner limiting membrane between the vitreous and neural retina (10 

nm) (Jackson et al., 2003). On the other hand, ILM pore size is still uncertain, since retinal 

permeation of larger particles (140 and 300 nm) has been reported (Bourges et al., 2003).   

 

CONCLUSIONS 
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The biocompatibility and conjugation possibilities make pullulan an interesting candidate for 

preparation of long acting and targeted intravitreal drug delivery systems.  Herein, we demonstrate 

that pullulan conjugates with lipophilic dye, rhodamine B, form small particles that have slow 

diffusivity in the vitreous and effective retinal permeation into mouse retina. Prolonged cleavage of 

the hydrazone linker resulted in controlled release at neutral pH, faster release in the intracellular 

lysosomal pH and effective cytosolic disposition in the RPE cell line.  Overall, conjugation to 

pullulan is a novel and interesting strategy for controlled release and retinal delivery of ocular 

drugs.  
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