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Abstract: The molecular weight (Mw) of dextran derivatives, such as regioselectively oxidized 18 

dicarboxydextran (DXA), is greatly influencing their faith in an organism, which could be possibly used to 19 

improve anticancer drug delivery. Here we present a modified method of sulfonation-induced chain 20 

scission method allowing direct and accurate control over the Mw of DXA without increasing its 21 

polydispersity. Prepared DXA derivatives (Mw = 10–185 kDa) have been conjugated to cisplatin and the Mw 22 

of the carrier found to have a significant impact on cisplatin release rates, in vitro cytotoxicity, and 23 

migrastatic potential. Conjugates with the high-Mw DXA showed particularly increased anticancer efficacy. 24 

The best conjugate was four times more effective against malignant prostatic cell lines than free cisplatin 25 

and significantly inhibited the ovarian cancer cell migration. This was traced to the characteristics of 26 

spontaneously formed cisplatin-crosslinked DXA nanogels influenced by Mw of DXA and cisplatin loading. 27 
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1. Introduction 30 

Over the last several decades, intensive efforts have been made to design and develop advanced drug 31 

delivery systems which would improve the targeting and effectivity of platinum anticancer drugs such as 32 

cisplatin, cis-[Pt(NH3)2Cl2]. Glycoconjugation of platinum anticancer drugs to various carbohydrates has 33 

been shown to improve their anticancer efficacy and targeting of malignancies due to the increased 34 

requirements of cancer cells for carbohydrates (Warburg effect). (Annunziata, Amoresano, et al., 2020; 35 

Annunziata, Cucciolito, et al., 2020; Bononi et al., 2021) Conjugation of platinum anticancer drugs to 36 

polysaccharides prolongs the circulation time of the drug in the blood, reduces its systemic toxicity, and 37 

improves its passive accumulation in the tumor due to the enhanced permeability and retention (EPR) 38 

effect. (Haxton & Burt, 2009; Liechty et al., 2010; Vilar et al., 2012)  39 

Dextrans are α-(1→6) bonded glucans produced by Leuconostoc and Streptococcus genus of bacteria with 40 

a variable degree of α-(1→3) branching, which, together with their molecular weight, depends not only on 41 

the bacterial genus but also on its strain. (Dhaneshwar et al., 2006; Sarwat et al., 2008) Since the 1950s, 42 

dextrans have been used in clinical praxis as plasma volume expanders, for blood flow promotion, or as 43 

antithrombotic agents. (Thorén, 1980) The plasma kinetics, renal clearance, the rate of degradation, and 44 

tissue distribution of dextrans were thus intensively studied and found to depend on the molecular weight 45 

as well as on the charge and the degree of substitution of the dextran chains. (Goodarzi et al., 2013; 46 

Mehvar, 2000, 2003; Varshosaz, 2012) The impact of molecular weight is particularly pronounced; 47 

dextrans with weight-average molecular weight (Mw) below 10 kDa are rapidly eliminated from the 48 

organism because of their very high rate of renal clearance. (Chang et al., 1975) Higher molecular weight 49 

dextrans (Mw > 70 kDa) spontaneously accumulate in the liver and spleen, where they can persist up to 96 50 

h before being metabolized. (Mehvar et al., 1994) High-Mw dextrans (Mw > 150 kDa) also tend to 51 

accumulate in the lymph nodes to a significant degree. (Terry et al., 1953) The ratio of dextran 52 

accumulation between individual organs and tissues thus largely depends on its Mw. (Mehvar et al., 1994) 53 

These properties make dextran derivatives potentially very interesting as an anticancer drugs carrier 54 

because the liver and lymphatic nodes are often among the first tissues invaded by metastases and thus 55 

represent the primary target for chemotherapy. Hypothetically, obtaining control over the molecular 56 

weight of dextran derivatives may significantly enhance their drug delivery characteristics and thus 57 

improve the efficacy of anticancer drugs. 58 

Over the years, dextran and its derivatives had been intensively studied as anticancer drug carriers. 59 

(Dhaneshwar et al., 2006; Goodarzi et al., 2013; Schechter, Neumann, et al., 1989; Varshosaz, 2012) 60 

Modification of dextran for anticancer drug binding is often achieved by the introduction of carboxylic 61 

groups to the polysaccharide chain. Advantageously, such negatively charged dextran derivatives persist 62 

in plasma much longer than neutral or positively charged ones, (Mehvar, 2000) which may enhance the 63 

EPR effect because the carrier has more time to accumulate in the tumor due to the leaky vasculature. 64 

This is attributed to the negative charge of most biological membranes, which impede the uptake of 65 

molecules with the same charge, thus prolonging their residence in the vascular system. (Mehvar, 2000) 66 

Chemical modifications of dextran chains were also reported to improve their overall stability in the body, 67 

i.e. while unmodified dextrans are depolymerized by α-1-glucosidases (dextranases) in few hours, any 68 

modification would generally reduce the rate of depolymerization. (Mehvar, 2000) For instance, 69 
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periodate-oxidized dextran derivatives with a degree of oxidation (DO) above 90 % were shown to be 70 

largely resistant to dextranase hydrolysis. (Ahmad et al., 2006) 71 

Modification of dextran for binding of platinum drugs can be achieved for instance by sequential oxidation 72 

of vicinal –OH groups of anhydroglucose units (AGU) to aldehydes by periodate and subsequent oxidation 73 

of formed aldehydes to carboxylates by chlorite salt, which leads to the preparation of a mixture of 2,4- 74 

and 3,4-dicarboxydextrans (Ishak & Painter, 1978; Khomyakov et al., 1965; Kristiansen et al., 2010) 75 

collectively referred to as DXA in this work, see Figure 1. The third potential product, 2,3-dicarboxydextran, 76 

is significantly less abundant (Khomyakov et al., 1965) and was not observed in NMR spectra of 77 

DXA.(Münster et al., 2021) Hence, it is not further discussed. Note, that the periodate oxidation requires 78 

two –OH groups on neighboring (vicinal) carbons, which are oxidized simultaneously. Hence, branched 79 

DXA units are resistant to oxidation as they do not contain required vicinal diols because their –OH groups 80 

at C1, C3, and C6 engaged in glycosidic bonds (Figure 1). (Khomyakov et al., 1965; Kristiansen et al., 2010)  81 

Other methods of derivatization of dextran chain include carboxymethylation or dicarboxymethylation of 82 

dextran –OH groups resulting in the preparation of carboxymethyl dextran (CMD) or dicarboxymethyl 83 

dextran (DMD), respectively. (Ohya et al., 1996b; Schechter et al., 1986) 84 

 85 

Figure 1 Structure of dextran and 2,4- and 3,4-oxidized dextran (DXA) prepared by sequential periodate-86 

chlorite oxidation; structure of cisplatin-DXA (CP-DXA) conjugate showing two main binding modes of CP, 87 

i.e. the bidentate binding of CP in single DXA unit and CP crosslinking of nearby oxidized DXA units. 88 

(Münster et al., 2021) 89 

Schlechter et al. studied the synthesis,(Schechter et al., 1986) biological activity (Schechter et al., 1987), 90 

and blood levels (Schechter, Rosing, et al., 1989) of CMD conjugates with CP. Although the studied CP-91 

CMD conjugates (Mw = 10 and 40 kDa) did not differ in their in vitro activity, both being less cytotoxic than 92 

free CP, in vivo tests revealed that both conjugates had higher plasma concentrations and longer half-lives 93 

than the free drug, depending on their Mw. While the content of free CP in mouse serum decreased to only 94 

2-6% of its initial concentration already after 15 min since the i.v. administration, 14% of 10 kDa CP-CMD 95 

and 64% of 40 kDa CP-CMD conjugate remained after the same time. Even after six hours, about 11% of 96 

40 kDa CP-CMD was still detected in the serum. (Schechter, Rosing, et al., 1989) In the same work, 97 

Schechter et al. investigated also CMD with Mw = 250 kDa, which was found to retain the blood levels of 98 

platinum drug the longest (100% after 15 min, 47% after 100 min, and 14% after 6 h). 99 



4 
 

Later on, Ohya et al. compared DXA, CMD, and DMD as carriers for a derivative of oxaliplatin. (Ohya et al., 100 

1996b, 1996a) Both DXA and DMD-based conjugates were found superior to CMD one; their cytotoxicity 101 

against malignant cells was higher (comparable with a free drug) and they showed a lower decrease of 102 

cytotoxic activity after the pre-incubation in a medium containing fetal bovine serum. The DXA and DMD 103 

carriers thus provided better protection of the carried drug from the deactivating factors in serum than 104 

CMD, likely due to bidentate binding of the complex to the carrier. (Ohya et al., 1996a) In follow-up work, 105 

Nakashima et al. (Nakashima et al., 1999) compared the DMD and DXA with identical Mw of 30 kDa as 106 

carriers for CP. Although CP-DXA conjugate showed higher cytotoxic activity, the cytotoxicity of CP-DMD 107 

was better retained after 36 h of pre-incubation in the presence of fetal bovine serum. Observed faster 108 

loss of activity of CP-DXA might however be a result of considerably higher platinum content (22 wt%) in 109 

CP-DXA compared to CP-DMD (9 wt%), which led to a faster release of the drug from the former. Recently, 110 

we have included DXA (Mw = 87 kDa) in the comparison of selectively oxidized polysaccharides as carriers 111 

for CP, (Münster et al., 2021) established structures of CP-DXA conjugate are given in Figure 1. Despite 112 

certain drawbacks, in particular the fast drug release rates in comparison to other carriers, DXA was 113 

deemed to be a potentially interesting carrier for CP given the highest overall cellular uptake and high 114 

cytotoxicity towards malignant cell lines, comparable or better to that of free drug (depending on the cell 115 

line). The CP-DXA also featured the lowest cytotoxicity towards non-cancerous cell line NIH/3T3 from all 116 

anhydroglucose-based carriers, including the oxidized cellulose and oxidized dextrin. Encouraged by these 117 

results, we have decided to investigate DXAs with different Mw as carriers for CP and to identify possible 118 

benefits and drawbacks related to the modulation of its Mw. 119 

 Hence, the recently developed method for direct control over the Mw of selectively oxidized 120 

polysaccharides with 1-4 glycosidic bonds(Münster, Fojtů, et al., 2019; Münster et al., 2020) was modified 121 

to prepare series of DXA derivatives with a broad range of Mw (10 – 184 kDa). Subsequently, prepared 122 

dextran derivatives were characterized by FT-IR, GPC, and NMR spectroscopies and loaded with different 123 

amounts of CP (15, 30, and 45 wt%). Dependence of drug release rates, in vitro cytotoxicity, and 124 

migrastatic potential on Mw of CP-DXA conjugates have been investigated and results compared to the 125 

free CP. CP was selected as a model drug because it is currently still used as a first-line drug for the therapy 126 

of patients diagnosed with lung, ovarian, cervix, bladder, testicular, or head and neck cancer. As a first-127 

generation platinum chemotherapeutic, it also causes adverse side effects such as nausea, neurotoxicity, 128 

nephrotoxicity, and ototoxicity, mostly due to its non-specific mechanisms of action and cumulation in 129 

healthy tissues. Conjugation of CP to DXA with variable Mw should provide better organ/tumor targeting, 130 

thus reducing its off-target toxicity. Conjugation should also protect the drug during its transport in the 131 

vascular system and prevents its reactions with various targets of opportunity, such as thiol-containing 132 

proteins. Besides, conjugation to macromolecular carriers allows CP to avoid renal clearance, increase its 133 

plasma half-life, and accumulate in the tumor (EPR effect). 134 

2. Materials and Methods 135 

2.1 Materials. Dextran from Leuconostoc spp. (Sigma Aldrich Co., Mw = 106 kDa, PDI = 5.59, estimated by 136 

GPC using setup described in section 2.3) was used as a source polysaccharide. The primary oxidation was 137 

performed by sodium periodate (NaIO4) and ethylene glycol (Penta, Czech Republic). The secondary 138 

oxidation of dialdehyde polysaccharides was carried out using sodium chlorite (NaClO2, RT 80 %), acetic 139 
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acid (CH3COOH, ≥99.8 %), sulfamic acid (H3NSO3, 99.3 %) (Sigma Aldrich, Co.), sodium hydroxide (NaOH, 140 

≥98 %) (Lachner, Czech Republic) and hydrochloric acid (HCl, 35 %) (Penta, Czech Republic). Other 141 

chemicals involved in the characterization of source and resulting materials included sodium nitrate 142 

(NaNO3, 99.8 %) (Lachner, Czech Republic), disodium phosphate dodecahydrate (Na2HPO4·12H2O, 99.6 %) 143 

(VWR, Czech Republic), deuterium oxide (D2O, Sigma Aldrich, Co.) and phosphate-buffered saline pH 7.4 144 

(PBS 7.4, Invitrogen, USA). Reagents used for the biological experiments included RPMI-1640 medium, 145 

fetal bovine serum (FBS) (mycoplasma-free), penicillin-streptomycin, trypsin, MTT reagent, 146 

ethylenediaminetetraacetic acid (EDTA), dimethyl sulfoxide (DMSO), glycine buffer, and hydroxyethyl-147 

piperazine-ethane-sulfonic acid buffer (HEPES) (Merck, Germany). All chemicals were of analytical grade 148 

and were used without further purification. Demineralized water (conductivity >0.1 µS/cm) was used 149 

throughout the experiments. 150 

2.2 Preparation of DXA with variable Mw. The first step of dextran selective oxidation follows well-151 

established methods of periodate oxidation.(Khomyakov et al., 1965; Münster et al., 2021; Maia et al., 152 

2011; Münster et al., 2017; Münster, Capáková, et al., 2019) Briefly, 5 g of dextran was pre-dissolved for 153 

1 h in 150 mL of water at laboratory temperature. Then, 8.25 g of NaIO4 dissolved in 100 mL of water was 154 

added dropwise to the solution. The primary oxidation ran at 30 °C for 4 h under mild stirring (300 rpm) in 155 

the dark to prevent spontaneous periodate decomposition. The duration of primary oxidation was 156 

previously optimized based on periodate consumption estimated by UV-Vis spectroscopy(Münster et al., 157 

2021) and it is sufficient to obtain fully oxidized dextran chains. After this period, the oxidation reaction 158 

was terminated by the addition of an excess of ethylene glycol. The prepared dialdehydedextran was then 159 

dialyzed against demineralized water using 14 kDa molecular weight cut-off (MWCO) dialysis tubing (Sigma 160 

Aldrich, Co.) for 4 days with regular water exchange. Next, the product was collected, filtered (0.22 µm 161 

filter), flash-frozen at -80 °C using an ethanol ice bath, and lyophilized.  162 

The second step of DXA preparation involves oxidation of dialdehydedextran by NaClO2 in the presence of 163 

CH3COOH. The reaction mixture was composed of 0.45 g of the prepared dialdehydedextran, which was 164 

dissolved in 45 mL of 0.5 M CH3COOH. The secondary oxidation started by dropwise addition of 165 

concentrated NaClO2 solution (0.25 g/mL) to the acidified dialdehydedextran solution (final concentration 166 

0.5 M). The molar ratio of –CHO : NaClO2 was set to 1:4. The mixture was gently stirred for 7 h at laboratory 167 

temperature in the dark. After this period, the oxidation reaction was terminated by the addition of a 168 

concentrated NaOH solution (pH = 8). Then, the product solution was thoroughly dialyzed against water 169 

using a 14 kDa MWCO dialysis membrane. Diluted (0.1 M) NaOH and HCl solutions were then used to set 170 

the pH of the solution to 7.4. The resulting purified dicarboxydextran sodium salt (DXA) solution was 171 

filtered (0.22 µm filter), flash-frozen, and lyophilized.  172 

To prepare DXA of various Mw, sulfonation-induced scission was initiated by the addition of sulfamic acid 173 

into the reaction mixture before the secondary oxidation to control the Mw of the final product. (Münster 174 

et al., 2020; Münster, Fojtů, et al., 2019) In the first set of experiments, the standard protocol of 175 

sulfonation-induced scission used previously for Mw modulation of cellulose and dextrin was employed, 176 

i.e. H3NSO3 (0.11 g/mL) was added to the dialdehydedextran solutions immediately before the start of the 177 

secondary oxidation by the addition of NaClO2.(Münster et al., 2020; Münster, Fojtů, et al., 2019) Different 178 

molar ratios of –CHO : H3NSO3 (from 1:0 to 1:0.5) were tested. The rest of the process parameters and 179 
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methodology of secondary oxidation remained the same as described in the previous paragraph. Because 180 

of unsatisfactory results, a modified methodology featuring a presulfonation step of various lengths was 181 

used in the second set of experiments. Briefly, the solution of H3NSO3 was added dropwise to the set of 182 

acidified dialdehydedextran sample solutions (molar ratio of –CHO : H3NSO3 set to 1:0.5, final H3NSO3 183 

concentration was 0.0625 M) prior to the start of the secondary oxidation as before. However, these 184 

reaction mixtures were stirred for 0.5–6 h (i.e. presulfonation step) before the initiation of secondary 185 

oxidation by NaClO2 solution addition. Subsequent steps in the preparation methodology remained the 186 

same as above. All of the DXA samples were prepared in the form of their sodium salt. Results are discussed 187 

in Section 3.1. 188 

2.3 Characterization of prepared DXA. Spectral FT-IR analysis was performed using a Nicolet 6700 (Thermo 189 

Scientific, USA). Spectra were collected in the range of 4000–400 cm-1 with 64 scans and a resolution of 2 190 

cm-1 with atmosphere gas suppression enabled. Energy dispersive spectroscopic (EDS) analysis of prepared 191 

samples was conducted by using scanning electron microscope Vega II/LMU (Tescan, Czech Republic) 192 

operated at 30 keV equipped with energy dispersive X-Ray (EDX) detector Inca X-act (Oxford Instruments, 193 

UK). Molecular weight distribution was analyzed by the gel permeation chromatography (GPC) using a 194 

Waters HPLC Breeze chromatographic system (Waters, USA) coupled with a Waters 2414 refractive index 195 

detector (drift tube T = 60 °C), Tosoh TSK gel GMPWXL column (300 mm×7.8 mm×13 µm, column T = 30 °C). 196 

A mixture of 0.1 M NaNO3 and 0.05 M Na2HPO4·12 H2O was used as a mobile phase. A calibration kit of 197 

pullulan standards SAC-10 (Agilent Technologies, USA) in a span of Mw 342–805 000 g/mol was employed. 198 
1H NMR spectra were measured using Bruker Avance III HD 700 MHz NMR spectrometer (Bruker, USA) 199 

equipped with a triple-resonance cryoprobe at 298 K in D2O. 200 

2.4 Preparation and characterization of cisplatin-DXA conjugates. CP was prepared according to the 201 

literature. (Wilson & Lippard, 2014) It was then dissolved in water (2 mg/mL) and added dropwise to the 202 

4 mg/mL aqueous solution of the DXA at room temperature. The reaction mixture was then gently shaken 203 

for 72 h in the absence of light, dialyzed against water for 4 h using a 3.5 kDa MWCO membrane to remove 204 

unbound CP, filtered, and lyophilized. Reactions were performed using CP : carrier w/w loading ratio of 205 

2:10, 5:10, and 8:10, respectively. CP release was investigated using a setup mimicking in vitro 206 

conditions;(Münster, Fojtů, et al., 2019) 10 mg of each conjugate was dissolved at 37 °C in 5 mL of PBS 7.4 207 

and dialyzed (3.5 kDa MWCO membrane) against 95 mL of the same medium. Aliquots of 5 mL were 208 

collected throughout 48 h and replaced with 5 mL of fresh media to conserve the volume. Released 209 

cisplatin residuum, cis-[Pt(NH3)2(H2O)2]2+ is in the following text also referred to as cisplatin (CP) to simplify 210 

the discussion. The amount of bonded platinum was measured by the energy-dispersive X-ray fluorescence 211 

(XRF) spectrometer ARL Quant’X EDXRF Analyzer (Thermo Scientific, USA) using the calibration standards 212 

prepared by dissolving a known amount of CP in PBS 7.4. The morphology of selected CP-DXA conjugates 213 

was analyzed by transmission electron microscopy (TEM) using JEM 2100 microscope (Jeol, Japan) 214 

operated at 160 kV. Samples were drop-cast onto Formvar coated 300 mesh copper grids from diluted 215 

solution (0.01 mg/mL) and gently dried. The stability (ζ-potential) and hydrodynamic radius of selected 216 

diluted samples (1 mg/mL) were analyzed by dynamic light scattering (DLS) analysis carried out using 217 

Zetasizer Nano ZS90 instrument (Malvern Instruments, UK) operated at 25 °C, coupled with DTS1070 cells 218 

and the Smoluchowski model. 219 
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2.5 Cytotoxicity evaluation. Six tumor cell lines originating from different tissues were used in this study: 220 

i) A2780 - epithelial ovarian cancer cells established from tumor tissue of an untreated patient and ii) 221 

corresponding CP-resistant subline A2780/CP, iii) A549 - human cell line derived from pulmonary 222 

adenocarcinoma, iv) 22Rv1 - cell line representing human prostate carcinoma, and v) PC-3 - human 223 

prostate cancer cell line established from bone metastasis. Cell lines were purchased from the European 224 

Collection of Authenticated Cell Cultures (ECACC, UK) and were cultivated in RPMI-1640 medium, 225 

supplemented with 10 % FBS, antibiotics (penicillin 100 U/mL and streptomycin 0.1 mg/mL), and HEPES. 226 

The cells were grown in the incubator at 37 °C in a humidified 5 % CO2 mixture with ambient air and 227 

subsequently seeded on a 96-well plate at a density ensuring 70 % confluence on the day of the treatment. 228 

After 48 h, the medium was removed and replaced with a fresh culture medium containing CP-DXA 229 

conjugates in the concentration ranging from 0–500 μM (200 μL per well). After 24 and 48 h of the 230 

treatment, the cell culture medium with CP-carrier conjugates was removed and the cells were incubated 231 

with a fresh medium containing 1 mg/mL of MTT reagent (200 µL per well) for another 4 h. Plates with the 232 

cells were wrapped in aluminum foil and kept in a humidified atmosphere at 37 °C. Next, the culture 233 

medium with MTT was replaced by DMSO (200 μL per well) to dissolve the formazan crystals. Then, glycine 234 

buffer (25 μL per well) was added to DMSO, gently shaken and the absorbance value at 570 nm was 235 

recorded. Cytation 3 Imaging reader (BioTek Instruments, USA) was used for the determination of 236 

absorbance values. The IC50 values were then calculated by fitting the data with the logistic function to 237 

create a sigmoidal dose-response curve. All measurements were performed in tetraplicates. 238 

2.6 Migration assay. A2780 cells were seeded on the tissue culture dishes at a density 2×105 per mL of 239 

media and incubated until they reached a confluent monolayer, which was then scratched using a sterile 240 

200 µL pipette tip. The cellular debris was removed by washing with PBS five times and images of scratches 241 

were acquired. Subsequently, a medium containing selected samples in concentrations corresponding to 242 

their respective IC50 (established by MTT, see Section 2.5) was added to the cells. Cells in Petri dishes were 243 

placed in the incubator, kept at 37 °C, examined periodically and images were taken at the same position 244 

after 24 and 48 h using the phase-contrast Olympus IX81 microscope (Olympus, Japan). The results were 245 

analyzed using T-Scratch software (CSElab, Zurich, Switzerland) and are presented as a percentage of open 246 

wound area remained after 24 and 48 h. 247 

3. Results and discussion 248 

3.1 Synthesis and characterization of DXA with a different molecular weight 249 

Sequential oxidation of dextran from Leuconostoc spp. was performed as described in Section 2.2. The 250 

yield of primary oxidation was nearly quantitative (96.7 %); the yields of all secondary oxidations were 251 

above 90 %.  252 

The original method of sulfonation-induced chain scission, which relies on the addition of different 253 

amounts of sulfamic acid (H3NSO3) just before the secondary oxidation,(Münster et al., 2020; Münster, 254 

Fojtů, et al., 2019) was initially tested to prepare DXA derivatives with different Mw. It is based on the 255 

addition of acidic –SO3H groups to aldehydes introduced during the periodate oxidation. Attached –SO3H 256 

groups can efficiently protonate nearby glycosidic bonds, thus initiating their acidic hydrolysis. The –SO3H 257 

groups are eliminated during the oxidation of aldehydes to carboxylates, see ref. (Münster et al., 2020) for 258 
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the detailed reaction mechanism. This approach allows the preparation of dicarboxylated polysaccharides 259 

with different Mw using the same starting material. It can be also used to decrease the polydispersity index 260 

(PDI) of products compared to source polysaccharide. (Münster et al., 2020; Münster, Fojtů, et al., 2019) 261 

This saves resources and provides better control over the results than alternative approaches based on 262 

the oxidation of different source materials with various molecular weights or thermal degradation of 263 

prepared dicarboxylated polysaccharides, both of which offer only limited (if any) control over the Mw and 264 

PDI of the products.  265 

However, the original method, developed for β-(1→4) bonded polysaccharides (namely cellulose), was 266 

found to be unsuitable for dextran (see Figure 3.1A and Table S1). The addition of H3NSO3 up to 0.25 M 267 

concentration had virtually no impact on the Mw of DXA, which started to decrease only in a presence of 268 

0.5 M H3NSO3. The likely reason lies in the structure of DXA, which is formed mostly by 2,4- and 3,4-269 

oxidized units connected by α-(1→6) glycosidic bonds. The –SO3H groups attached to C3 and C4 are thus 270 

relatively distant from α-(1→6) linkages and only sulfonation at C2 can lead to their effective protonation, 271 

see Scheme 1 for the reaction mechanism. This slows down the kinetics of the chain scission for DXA in 272 

comparison to β-(1→4) bonded cellulose units. 273 

 274 

Scheme 1: Mechanism of sulfonation-induced chain scission on the example of 2,4-dialdehydedextran 275 

(2,4-DAXA).  276 

Hence, instead of further increasing the H3NSO3 concentration, which would decrease the pH and increase 277 

the risk of side reactions, a presulfonation step was introduced, i.e. H3NSO3 was added to the solution of 278 

dialdehydedextran and the mixture stirred in the dark for several hours before the secondary oxidation 279 

was initiated, see Section 2.2. This novel setup prioritizes the process of macromolecular chain scission 280 

over the competitive oxidative elimination of –SO3H groups during aldehyde oxidation. By changing the 281 

duration of presulfonation, Mw of DXA can be modulated between 5 and 100 % of that of DXA prepared 282 

without presulfonation, see Figure 2B. DXA derivatives with Mw between 184 kDa (prepared without 283 

presulfonation, PDI = 3.54) and 10 kDa (6 h of presulfonation, PDI = 1.43) were obtained, see Table S1 in 284 

Supporting Information. Moreover, the PDIs of DXA samples are significantly lower than that of source 285 

dextran (5.59) even without any additional purification steps, which is another benefit of the sulfonation-286 

induced chain scission method. It should be noted, however, that the degree of polymerization of DXA 287 

prepared without the presence of sulfamic acid is about 37 % higher compared to source dextran 288 

polysaccharide (DP 911 vs. DP 664). This is likely caused by the formation of a dense network of rather 289 

stable intermolecular hemiacetal bonds after the periodate oxidation previously described for oxidized 290 

dextran,(Ishak & Painter, 1978; Maia et al., 2011) which may survive even through secondary oxidation. 291 

(Münster et al., 2020)  292 
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 293 

Figure 2 Weight-average molecular weight (Mw) of dicarboxydextran (DXA) prepared using A) of various 294 

molar ratios of sulfamic acid (H3NSO3), B) different presulfonation times (0–6 h). All measurements were 295 

performed in triplicates, error bars represent S.D.  296 

Prepared materials were characterized by EDS, FT-IR, and 1H NMR spectroscopy, see Supporting 297 

Information. EDS analysis confirmed the successful elimination of –SO3H groups during the secondary 298 

oxidation. The residual sulfur content was between 0.14–0.50 at% depending on the presulfonation 299 

length, see Table S2. To further reduce the amount of residual sulfur, one may decrease the concentration 300 

of H3NSO3 and increase the duration of secondary oxidation. (Münster et al., 2020)  301 

The FT-IR and 1H NMR spectra of species prepared using 0–6 h of presulfonation can be found in Figures 302 

S1 and S2. All FT-IR spectra are nearly identical with dominant bands belonging to vibrations of carboxylic 303 

(~1605 cm-1) and C–O groups (1000–1200 cm-1). The 1H NMR spectra in Figure S2 are dominated by several 304 

partially overlapping signals, which position remains the same disregarding the duration of the 305 

presulfonation step. Increasing intensity of the signal at 4.14 ppm, which overlaps with signals of H4 from 306 

2,4-dicarboxydextran (4.12 ppm) and H4 from 3,4-dicarboxydextran (4.11 ppm)(Münster et al., 2021) is 307 

attributed to the presence of an increased number of end groups in low-Mw derivatives, i.e. those prepared 308 

using longer presulfonation times. The degree of oxidation of all species is assumed to be ~85 % due to 309 

the presence of approximately 15 % of α-(1→3) branched units resistant to oxidation (e.g. signal at 310 

3.45 ppm in Figure S2). (Khomyakov et al., 1965; Münster et al., 2021) For full signal assignment see our 311 

recent work. (Münster et al., 2021) 312 

3.2 Cisplatin loading and release studies.  313 

Three DXA derivatives prepared using 0, 1, and 4 h of presulfonation and having Mw of 184, 59, and 13 kDa, 314 

respectively, were selected for further studies. These were loaded by CP using 2:10, 5:10, and 8:10 CP : 315 

DXA w/w reaction ratio, see Section 2.4 for more details. CP loading effectiveness was about 90 % in all 316 

cases, resulting in 15, 30, or 45 wt% of bound CP in the conjugates (established by XRF spectroscopy). 317 

Investigated conjugates are in the following text designated by letters H, M, and L which stands for High, 318 

Medium, and Small molecular weight (184, 59, and 13 kDa), respectively, and by the number representing 319 

the amount of loaded CP in wt% (15, 30, 45). Hence, H-15 stands for DXA sample prepared without 320 

presulfonation (Mw = 184 kDa) carrying 15 wt% of CP. L-45 represents a sample with 4 h of presulfonation 321 

of Mw = 13 kDa carrying 45 wt% of CP and so on.  322 

Cumulative drug release results of selected H-, M- and L- conjugates are given in Table S3 in Supporting 323 

Information. Here we discuss only the H- and L-series samples, where the largest differences in drug 324 
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release kinetics were observed, see Figure 3. Both Mw of the carrier and the amount of loaded CP 325 

significantly influence the CP release kinetics. Samples containing only 15 wt% of CP feature slower drug 326 

release than corresponding 45-series ones, particularly early on, see Figure 3. An increase of DXA Mw, from 327 

13 to 184 kDa, slows down the CP release rate significantly; about 40 % less CP is released after 24 h from 328 

the H-15 sample in comparison with the L-15 sample and about 20 % less from H-45 compared to the L-45 329 

sample, see Table S3 in Supporting Information. A combination of lower drug loading and higher Mw of the 330 

carrier leads to about 50 % slower release of CP from the H-15 sample after 24 h compared to the L-45 331 

sample. The increased molecular weight of DXA in combination with optimization of drug loading can thus 332 

be used to (at least partially) counter the reported rapid drug release rates of DXA conjugates. (Nakashima 333 

et al., 1999) 334 

 335 

Figure 3 Cumulative release of CP from L-15, L-45, and H-15 and H-45 DXA carriers for 48 h, error bars 336 

correspond to S.D. 337 

3.3 Cytotoxicity evaluations.  338 

Cytotoxicity of the H-15, H-45, M-30, and L-15 samples was investigated by in vitro study on the panel of 339 

five cell lines representing three types of carcinomas often treated with CP - ovarian carcinoma 340 

represented by A2780 human cells and its CP-resistant subline A2780/CP, lung cancer represented by A549 341 

human adenocarcinoma cells and prostate cancer represented by 22Rv1 and metastatic PC-3 human cell 342 

lines. The cytotoxicity of carriers and their conjugates was established by MTT assay, see Section 2.5. 343 

Presented IC50 values (µM) are defined as a concentration of cisplatin required to inhibit the cell growth of 344 

the given cell line by 50 %. The IC50 values of free carriers are not provided because all carriers were non-345 

toxic in the whole range of concentrations (up to 500 µM) and IC50 thus could not be calculated. It should 346 

be stressed out that reported IC50 values correspond to the total concentration of CP in a culture media 347 

(100 % release of CP from conjugates is assumed); applied doses of different conjugates were thus 348 

modified to contain the same total amount of CP as the sample of free CP. This allows to directly compare 349 

the efficacy of the free drug and individual conjugates and highlight the differences between individual 350 

carriers. The IC50 values are given in Tables S3 and S4 and compared in Figure 4.   351 

Obtained IC50 values differ considerably between the cell lines as well as between incubation times (note 352 

different scaling on the y-axes in Figure 4). For detailed statistical analysis see Figure S3. Overall 353 
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cytotoxicity profiles of conjugates across the panel of cell lines follow that of free CP; all compounds were 354 

the most effective towards ovarian cell lines and prostatic cell line 22Rv1. Contrary, much higher doses 355 

were required to inhibit the growth of lung cancer cell line A549 as well as prostatic PC-3 cell line after 356 

24 h of incubation. Nevertheless, differences between cytotoxicity of individual conjugates and the free 357 

drug could still be determined and benefits of CP conjugation to carriers with different Mw evaluated. 358 

 359 

Figure 4 Comparison of IC50 values (µM) for free CP and CP-DXA conjugates after 24 h and 48 h of 360 

incubation with a panel of cancer cell lines. Values are the average of four independent measurements. 361 

Data are displayed as IC50 means ± S.D. The IC50 values of CP carriers were related to the CP IC50 value for 362 

each cell line and duration of treatment. Stars indicate statistical significance of the result: absent stars - 363 

not significant, *p<0.05, **p<0.01, ***p<0.001. Statistical analysis was performed using one-way ANOVA 364 

followed by Tukey post-hoc test. 365 

After 24 h of incubation, cytotoxicity of all conjugates is comparable or lower than that of free CP. This is 366 

a common feature of macromolecular carriers attributable to the slower penetration of macromolecules 367 

into the cells compared to a free drug. Distinct differences between individual carriers and the free CP are, 368 

however, observable after 48 h of incubation. Notably, observed differences do not correspond to the 369 

drug release rates as one may expect. Instead, they depend on the Mw of the carrier, although the 370 

dependence is not linear. While L-15, H-15, and particularly H-45 conjugate are significantly more cytotoxic 371 

than free CP towards several cancerous cell lines, the cytotoxicity of M-30 is comparable or lower than 372 

that of free CP in 4 out of 5 cases, see Figure S3. Overall, H-45 conjugate offers the highest CP anticancer 373 

efficacy enhancement, being more effective than free drug in four out of five cases, and comparable to 374 

free CP only for A2780/CP cell line, see Figure 4. The H-45 conjugate is nearly four times more effective 375 

than free CP for both prostatic cell lines and about twice more for A2780 and A549 cell lines, see Figure 4. 376 

It is thus by far the most cytotoxic from all tested compounds, including the H-15 derivative with the same 377 

molecular weight. The effect of increased cytotoxicity due to higher CP loading is further discussed in 378 

Section 3.5 below. 379 

3.4 Migrastatic potential  380 

Wound healing migration assay was performed on A2780 cells, which were treated with free CP and two 381 

of the most effective conjugates, the L-15 and the H-45, which are prepared using DXAs of different 382 

molecular weights. Drug and conjugates were applied in doses corresponding to their respective IC50 383 
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values determined in the previous section. Cells were incubated for 24 and 48 h, respectively, see Figure 384 

5 and Table S5 in Supporting information. For detailed statistical analysis see Figure S4. 385 

 386 

Figure 5: Migration potential of A2780 cells (%), i.e. the percentage of wound area covered after 24 h and 387 

48 h by untreated cells (ctrl) and cells treated with free CP, L-15, and H-45; applied concentrations 388 

correspond to their respective IC50 values. All experiments were performed in triplicates; error bars 389 

correspond to S.D. Statistical analysis was performed using one-way ANOVA followed by Tukey post-hoc 390 

test with respect to untreated control; stars indicate statistical significance of the result: absent stars - not 391 

significant, *p<0.05, **p<0.01, ***p<0.001. 392 

 393 

After 24 h of incubation with free CP, A2780 cells showed a great increase in migration potential, covering 394 

roughly 80 % of the original wound area. This is significantly more than the untreated control, see Figure 395 

5 and representative micrographs of the wound healing assay in Figure 6. Treating the cells with CP-DXA 396 

conjugates, particularly the H-45, led to significantly better results; only between 50–60 % of the area 397 

healed after 24 h. In other words, conjugates showed a statistically significant reduction of migration 398 

potential compared to free CP (see Figure S4 for statistical comparison), although their effect on cell 399 

migration is not statistically significant when compared to the untreated cells after 24 h. There is, however, 400 

a statistically significant decrease of cell migration after 48 h treatment of A2780 cells by H-45 conjugate, 401 

when only about 60 % of wound area is healed, compared to 70–80 % in case of untreated control and 402 

free CP, respectively, see Figure 5. Once again, H-45 showed the best result from all tested compounds.  403 

 404 



13 
 

 405 

Figure 6: Micrographs of the wound healing migration assay of A2780 cell line after 0, 24, and 48 h of 406 

incubation. All compounds were applied in IC50 doses established previously by the MTT assay. Ref. – 407 

untreated, CP – treated with free CP, L-15 – low-Mw DXA with 15 wt% of CP, H-45 – high-Mw DXA with 408 

45 wt% of CP. 409 

3.5 The role of cisplatin loading to conjugate nano-assemblies 410 

The biological evaluation revealed that the efficacy of CP-DXA conjugates depends not only on the 411 

molecular weight of DXA but also on the amount of conjugated CP. We emphasize once more that the 412 

dose of each conjugate was set to contain an equal amount of CP; the increased cytotoxic effect of H-45 413 

conjugate thus cannot be attributed to the higher amount of CP in applied doses and the underlying reason 414 

lies elsewhere.  415 

It is a known fact that CP can form interstrand crosslinks between the polysaccharide chains. This behavior 416 

was used to prepare CP-loaded nanoparticles (Cai et al., 2008) or nanogels (Ohta et al., 2016) in the past. 417 

Hence, a higher amount of conjugated platinum may influence characteristics of nanostructures formed 418 

by macromolecular DXA conjugates in solution, which would, in turn, alter the cell internalization and thus 419 

also the efficacy of the conjugated drug. To investigate, H-15 and H-45 conjugates, prepared using the DXA 420 

of the same Mw but with different amounts of CP, were studied by TEM and DLS analysis. Figure 7 shows 421 

the TEM micrographs of H-15 (part A) and H-45 (part B). Interestingly, both samples contain roughly similar 422 

spherical particles of approximately 3.5 ± 1 nm in diameter. Contrary, DLS measurements of hydrodynamic 423 

radii revealed significantly larger values (252 ± 8 nm for H-15 and 151 ± 9 nm for H-45). Conjugate nano-424 

assemblies thus could be best described as nanogels, based on following reasoning: The small and rather 425 

uniform size of particles observed by TEM can be explained as a result of nanogel structure collapsing 426 

during sample drying. This process is similar for both samples because they are formed by DXA 427 
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macromolecules of the same size. Much larger hydrodynamic radii of particles measured in colloidal 428 

solutions than indicate significant swelling of both nano-assemblies in water, which is one of the main 429 

characteristics of nanogels. 430 

 431 

Figure 7 TEM micrographs of H-15 (part A) and L-45 (part B). 432 

The difference in hydrodynamic radii (swelling) between H-15 and H-45 samples is then attributed to i) 433 

higher swelling due to a more sparsely crosslinked network (lower amount of loaded CP) in the H-15 434 

sample and ii) the presence of larger ionic corona due to a higher amount of residual -COO- groups in H-435 

15 sample, because of the lower number of carboxyl groups being used for CP binding in H-15 than in H-436 

45. This assumption is supported by the measured ζ-potential values (-34.2 ± 1.3 mV for H-15 and -21.3 ± 437 

0.9 mV for L-45). The characteristics of CP-DXA nanogels thus depend on the amount of loaded CP and are 438 

likely responsible for the observed influencing of the biological properties. To further support this 439 

conclusion, the sample M-30, which showed the lowest anticancer efficacy from all tested species, has 440 

been also investigated using DLS. The M-30 nanogel particles were found to have a hydrodynamic radius 441 

of 374 ± 40 nm, more than twice the size of H-45 nanoparticles (ζ-potential = -33.7 ± 2.6 mV). This is likely 442 

a result of a combination of shorter (yet still relatively large) DXA chains, which offer fewer crosslinking 443 

spots per macromolecule than larger H-chains, and relatively low CP loading (5 : 10). Both factors thus 444 

result in a more sparsely crosslinked nanogel network compared to H-species which would also swell more 445 

significantly in solution - hence the larger size of M-30 nanogel particles. The large dimensions of the M-446 

30 nanogel particles are also a likely reason for their poor biological efficacy, as they likely impact the 447 

cellular uptake and thus the amount of the drug that crosses the cellular membrane.  448 

4. Conclusions 449 

DXAs of different molecular weights had been prepared by the modification of the recently developed 450 

method for controlled chain scission of oxidized polysaccharides using sulfamic acid. This allows to 451 

advantageously use the same starting material to prepare DXA with desired Mw and decreased 452 

polydispersity (compared to source dextran). To investigate the possible gains of control over the Mw of 453 

DXA, selected derivatives with Mw between 13 and 184 kDa were loaded with 15, 30, or 45 wt% of CP, 454 

respectively, and their drug release rates, in vitro cytotoxicity profiles, and suppression of cancer cell 455 

migration were compared with free CP.  456 

Increasing Mw of the carriers significantly decreases the CP release rates, and thus partially counters the 457 

main issue of DXA carriers – fast drug release rates. For instance, a high-Mw carrier with 15 wt% of CP 458 

released about 40 % less CP after 24 h than its low-Mw counterpart.  459 
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The in vitro cytotoxicity of CP towards malignant cell lines was enhanced by its binding to low- (13 kDa) 460 

and particularly to the high-Mw DXA (184 kDa), while its conjugation to medium-Mw DXA (59 kDa) 461 

attenuated its cytotoxicity in comparison with a free drug. Biological properties of CP-DXA conjugates are, 462 

besides the Mw of DXA, also influenced by the amount of loaded CP, which crosslinks macromolecular DXA 463 

chains into nanogels. The larger the amount of loaded CP, the denser the crosslinking. The combination of 464 

a high-Mw carrier and high drug loading (H-45 sample) led to a spontaneous formation of nanogel particles 465 

with a hydrodynamic radius of ~150 nm, which shows the highest anticancer efficacy from all tested 466 

samples. The potency of this conjugate was twice larger on average than that of a free drug across the 467 

whole panel of tested cancer cell lines and up to four times higher against both malignant prostatic cell 468 

lines. Further, H-45 conjugate showed statistically significant inhibition of the ovarian cancer cell migration 469 

when compared both to free cisplatin and untreated control. H-45 was also significantly more effective 470 

than H-15 conjugate, which is formed by the same DXA chains, yet more sparsely crosslinked 471 

(hydrodynamic radius of ~250 nm), and particularly the M-30 conjugate (hydrodynamic radius of ~375 472 

nm), presumably because of the smaller size (and lower negative charge) of H-45 nanogel particles 473 

facilitates easier crossing over the cellular membrane. 474 

To summarize, the study demonstrates the potential of DXA nanogels prepared using DXA of different Mw 475 

as anticancer drug carriers capable to enhance therapeutic response and suppress metastatic spreading 476 

by improving the characteristics of the drugs already established in the clinical setting. The observed 477 

relationship between biological efficacy and physical characteristics of cisplatin-crosslinked nanogel 478 

formulations is also interesting. Possibly, optimization of their parameters might improve the biological 479 

characteristics of dextran nanogels even further. 480 
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