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A B S T R A C T   

Background: Currently, radiotherapy is one of the most popular choices in clinical practice for the treatment of 
cancers. While it offers a fantastic means to selectively kill cancer cells, it can come with a host of side effects. To 
minimize such side effects, and maximize the therapeutic effect of the treatment, we propose the use of targeted 
radiopharmaceuticals. In the study presented herein, we investigate two synthetic pathways of dextran-based 
radiocarriers and provide their key chemical and physical properties: stability of the bonding of chelating 
agent and tertiary structure of obtained formulations and its influence on biological properties. Additionally, 
PSMA small molecule inhibitor was attached and quantified using DELFIA fluorescence assay. Finally, biological 
properties and radiolabeling yield were studied using confocal microscopy and ITLC-SG chromatography. 
Results: Two types of Dex-conjugates – micelle-like nanoparticles (NPs) and non-folded conjugates – were suc
cessfully generated and shown to exhibit cellular effects. The tertiary structure of the conjugates was found to 
influence the selectivity of PSMA and mediate cell binding as well as cellular uptake mechanisms. NPs were 
shown to be internalized by other, non – PSMA mediated channels. Simultaneously, the uptake of non-folded 
conjugates required PSMA inhibitor to pass through cell membrane. The radiochemical yield of NHS coupled 
DOTA chelator was between 91.3 and 97.7% while the TCT-amine bonding showed higher stability and gave the 
yields of 99.8–100%. 
Conclusions: We obtained novel, dextran-based radioconjugates, and presented a superior method of chelator 
binding, resulting in exquisite radiochemical properties as well as selective cross-membrane transport.   

1. Authorship statement 
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manuscript. MS obtained conjugates and performed PSMA quantative 
analysis. GP performed GuL synthetic modification as well as synthesis 
of nanoparticles. KK and JD provided physico-chemical analysis, DOTA 
quantative measurements and purification of all formulations. AŚ and 
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stained conjugates and analysis of thereof. UK performed radiolabelling 
and radio stability experiments. MTŻ supported work of UK in estab
lishing radiolabelling and radio stability protocols. TC provided critical 

review of the manuscript and results. All authors read and approved the 
final manuscript. 

2. Background 

Cancer is regarded as one of civilization’s most common diseases and 
one of the leading causes of death worldwide. Its treatment remains 
extremely challenging due to the complex nature of the disease. Yearly, 
numerous drugs and combination therapies are investigated, alongside 
the development of powerful data analysis tools, to improve the way we 
handle cancer. Radionuclides have been a part of this therapeutic pro
cess for decades, and are now frequently used in diagnoses. However, 
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radioisotopes have recently gained special interest as a chemothera
peutic drug alternative, through encapsulation and precise transport to 
cancer tissues. 

Different approaches towards brachytherapy – delivery of active 
radionuclide to an organ – have been reported in literature. Human and 
chimeric (humanized) antibodies with attached bifunctional chelators 
(e.g. DOTA) are currently being used to create highly specific conju
gates. Multiple small molecules with receptor binding moieties have 
been developed to target different membrane receptors, such as Prostate 
Specific Membrane Antigen (PSMA) and Human Epidermal growth 
factor receptor 2 (HER2). 

In this work we focus on polymeric, particularly dextran, conjugates 
as radionuclide carriers. Dextran, a polysaccharide composed of glucose 
monomers with side glucose chains, is already used clinically as blood 
expander and has been granted Food and Drug Administration (FDA) 
approval for intravenous administration. Dextran is commercially pro
duced using bacteria, significantly lowering the cost of the polymer, and 
then further purified to a pharmacological grade. Following the [18F] 
fluodeoxyglucose (FDG) strategy of exploiting glucose as a “targeting” 
molecule, we propose the use of dextran due to the presence of glucose 
at the end of every chain. In 1920, Otto Warburg and his colleagues 
observed that tumor cells consume vast amounts of glucose compared to 
the surrounding tissues. They also reported lactate production, despite 
the unlimited oxygen access to the of cells, concluding that cancer cells 
exhibited aerobic glycolysis due to the need of intensive proliferation. 
Further studies confirmed two metabolic pathways of cancer meta
bolism and showed that both mechanisms needed to be blocked to 
impair tumor growth (Liberti and Locasale, 2016). 

Several research groups have also reported studies using dextran as a 
radionuclide carrier. Two radiolabeling approaches were introduced 
from these studies: those with bifunctional chelators and those without. 
Gholipour et al. proposed to oxidize the dextran, obtaining carboxylic 
groups, which in the next step bind a [68Ga] radionuclide (Gholipour 
et al., 2019). A second radiolabeling strategy of 68Ga was also proposed 
by the Almasi research group, where dextran chains were first oxidized 
to obtain aldehyde groups, followed by a Maillard reaction with thio
semicarbazone. These thiosemicarbazone groups were reported to 
create complexes with metals, such as Gallium (III), with authors eval
uating the radiolabeling efficacy to be over 95% (Almasi et al., 2019). A 
different coordination strategy was introduced by Du et al. (2000) 
where, similar to Almasi et al.‘s approach, dextran was oxidized to form 
aldehydes, followed by Schiff base creation with cysteine. Subsequently 
the imine bonds were reduced to create stable covalent bonds. Cysteine 
moieties were used as chelating compounds for 188Re, at first giving a 
high radiolabeling purity (over 95%) but releasing the radionuclide in 
the presence of cysteine solution (Du et al., 2000). Several other research 
groups have investigated different methods of forming stable bonds to 
radionuclide is via bifunctional chelators. Two of these groups, used 
dextran as Magnetic Resonance Imaging (MRI) contrast agent with 
Gadolinium. Corot et al. (1997) functionalized carboxymethyldextran 
with a Gd-DOTA macrocyclic complex via the addition of an amino 
spacer. The Hals research group also used dextran with conjugated 
Gd-DTPA, but unlike Corot et al. directly bound the Gd-DTPA to hy
droxyl groups or via a β-alanine linking group. Comparing the two 
conjugates in vivo, the conjugate with alanine spacer between dextran 
and chelator was observed to significantly prolong the conjugate 
half-life in the plasma (Petter et al., 2013). A similar approach was 
suggested by Holmberg et al. (2018), where dextran was conjugated 
with DOTA via a lysine as a spacer, however no data regarding the metal 
labelling (authors used Gd as a model isotope) or binding details were 
revealed. Finally, dextran chains were applied as a coating to or as a 
backbone of nanoparticles. The research group of Jarret used dextran 
sulfate to coat iron oxide nanoparticles dedicated to MRI and PET 
(Positron-Emission Tomography) scans. For PET, the DOTA chelator was 
coupled and radiolabeled with the 64Cu isotope however, the yield of 
this labelling process was below 22% (Jarrett et al., 2008). Single chain 

dextran nanoparticles were prepared by Gracia et al. (2017), with the 
dextran chain modified to introduce methacrylate moieties with subse
quent crosslinking using 3,6-dioxa-1,8-octane-dithiol. The obtained 
nanoparticles could be further modified with functional groups to con
trol physical properties such as zeta potential. Authors used NODA (1,4, 
7-triazacyclononane-1,4-diacetic acid) as a chelator and radiolabeled 
nanoparticles with 67Ga for SPECT (Single-Photon Emission Computer
ized Tomography), obtaining a yield of 51% and a high stability in buffer 
(over 95% at 48 h after labelling). 

In the present work, we propose two methods of dextran modifica
tion for chemical binding of a chelator. In order to evaluate the chemical 
stability of the DOTA conjugation, radiolabeling and radio stability 
studies were performed with lutetium-177. The conjugates generated 
were also labelled with a Cy5 (Cyanine 5) fluorescent probe and a PSMA 
specific inhibitor (GuL) to investigate the receptor-specific uptake of 
conjugates by prostate cancer cells. Experiments were performed on 
PSMA+ and PSMA-cell lines as well as with 2-PMPA (2-Phosphono
methyl pentanedioic acid), a competitive inhibitor for the PSMA mem
brane protein. 

3. Methods 

3.1. Dextran oxidation to polyaldehydedextran (PAD) (5) 

Dextran (10.00 g, 70 kDa, Pharmacosmos) was dissolved in 200 mL 
of ultra-pure water to which sodium metaperiodate (1.32 g, 6.17 mmol, 
Sigma Aldrich) was added. The reaction mixture was stirred in the dark 
at room temperature for 1 h, and the reaction product was subsequently 
dialyzed (MWCO 12–14 kDa, Carl Roth) against 100-fold excess of ultra- 
pure water for 72 h (until the complete purification of periodate ions) 
and dried in the oven at 40 ◦C. 

3.2. Synthesis of tri(tert-butyl) ester of GuL-PEG5-NHBoc (3) 

In a round-bottom flask (25 mL) BocNH-PEG5-NHS (104 mg, 0.205 
mmol, BroadPharm) and tri (tert-butyl) ester of Glu-urea-Lys (100 mg, 
0.205 mmol, ABX) were dissolved in 5 mL of dry DCM. DIPEA (26.5 mg, 
36 μL, 0.205 mmol, Sigma Aldrich) was then added to the solution. The 

Table 1 
Characteristics of obtained Dex-conjugates.  

Formulation Content 
of DOTA 
[nmol/ 
mg] 

Yield of 
DOTA 
conjugation 
[%] 

Content 
of Cy5 
[nmol/ 
mg] 

Size 
[nm] 

Zeta 
potential 
[mV] 

PAD 0%GuL 126.07 52 – 111.7 
± 31.4 

− 3.03 ±
1.75 

PAD 5%GuL 70.96 29 – 147.2 
± 8.4 

− 2.04 ±
0.25 

PAD 30% 
GuL 

49.29 20 – 124.0 
± 10.4 

− 9.01 ±
0.22 

PAD 50% 
GuL 

32.63 13 – 80.0 
± 20.9 

− 10.00 ±
0.35 

PAD 5%GuL 
Cy5 

– – 1.37 – – 

PAD 50% 
GuL Cy5 

– – 2.27 – – 

DX-TCT 0% 
GuL 

216.7 80 – – – 

DX-TCT 5% 
GuL 

237.1 88 – – – 

DX-TCT 30% 
GuL 

205.9 76 – – – 

DX-TCT 50% 
GuL 

187.0 70 – – – 

DX-TCT 5% 
GuL Cy5 

– – 7.31 – – 

DX-TCT 50% 
GuL Cy5 

– – 7.23 – –  
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reaction mixture was stirred at RT for 24 h. The solvent was evaporated, 
and the oily residue chromatographed on a silica gel column. 

3.3. Synthesis of PAD-GuL nanoparticles (6) 

Four different formulations of PAD-GuL nanoparticles with various 
content of the GuL-PEG5-NH2 targeting agent (deprotected 3) attached 
to PAD were prepared, i.e. formulations with a GuL-PEG5-NH2 substi
tution of 0,5%, 30% and 50% (Table 3). Appropriate amounts of GuL- 
PEG5-NH2 substrate, required to obtain nanoparticles with a specific 
substitution degree, were calculated based on the content of aldehyde 
groups in the PAD (478.3 nmol/mg). The remaining aldehyde groups in 
the PAD were substituted with a 1,10-diaminodecane (DAD) serving as a 
coiling agent – due to long carbon chain promotes folding of PAD chain 
into trietary form of nanoparticles. As an exemple of the PAD-5%GuL 
synthesis: in a round-bottom flask (5 mL) BocNH-PEG5-NHS (10,4 mg, 
0.0205 mmol) and tri (tert-butyl) ester of Glu-urea-Lys (10,0 mg, 0.0205 
mmol) were dissolved in 0.5 mL of dry DCM. Then DIPEA (2.65 mg, 4 
mL, 0.0205 mmol) was added. The reaction mixture was stirred at RT for 
24 h. Next, TFA (187.0 mg, 125 mL, 1.64 mmol, Sigma Aldrich) was 
added and the reaction mixture was stirred for another 24 h. Subse
quently, the solvent was evaporated, the oily residue dissolved in 0.5 mL 
of ultra-pure water, and the pH adjusted to ~11.0. The aqueous solution 
of GuL-PEG5-NH2 was immediately added to the solution of PAD (854 
mg, 0.410 mmol of CHO groups) in 8.5 mL of ultra-pure water. The pH of 
the reaction mixture was adjusted to ~11.0, using 0.5 M NaOH solution, 
and stirred at 30 ◦C for 1 h. Next, 1,10-diaminodecane dihydrochloride 
(106.44 mg, 0.385 mmol, Sigma Aldrich) was added as a solution in 
2.27 mL of ultra-pure water. The pH was adjusted to ~11.0 and the 
reaction mixture was stirred at 30 ◦C for 100 min (pH was monitored 

and adjusted to ~11.0, every 20 min). The reaction was stopped by 
adjusting pH to ~7.4 using 0.5 M HCl solution. Next, the solution of 
sodium borohydride (31.0 mg, 0.820 mmol) in 3.2 mL of ethanol was 
added and the reaction mixture was stirred at 37 ◦C for 1 h. Finally, the 
pH of the reaction mixture was again adjusted to 7.4, the reaction 
product (PAD-GuL) dialyzed against acetate buffer (10 mM, pH 5.0) for 
24 h and subsequently against ultra-pure water for another 24 h, and 
freeze-dried. Water or buffer was changed 3 times during each 24 h of 
dialysis. The volume of dialysate was used in at least a 100-fold excess of 
the volume of the reaction mixture. 

3.4. DOTA conjugation to PAD-GuL nanoparticles (7) 

Lyophilized nanoparticles (100 mg) were dissolved in 2.0 mL of 0.1 
M phosphate buffer pH 8.0. Next, DOTA-NHS (18.5 mg, 24.3 mmol), 
dissolved in 0.5 mL of ultra-pure water, was added. The reaction mixture 
was stirred at RT for 1.5 h. The reaction product (PAD-GuL-DOTA) was 
subsequently dialyzed against acetate buffer (10 mM, pH 5.0) for 24 h 
and then against ultra-pure water for another 24 h and finally freeze- 
dried. Water or buffer was changed 3 times during each 24 h of dial
ysis. The volume of dialysate was used in at least a 100-fold excess of the 
volume of the reaction mixture. 

3.5. Dextran activation with trichlorotriazine (8) 

Dextran (2.5 g, 70 kDa) was dissolved in 150 mL of ultra-pure water 
and 625 mg of trichlorotriazine (TCT, Sigma Aldrich) in 3.75 mL of 
acetone (16.7% w/v solution) was added to this solution. The reaction 
was carried out at 4 ◦C with stirring and the pH of the reaction mixture 
was maintained above 7.5 by addition of 1 mL portions of 0.5 M NaOH 

Table 2 
Radiochemical stability of 177Lu-labelled Dex-conjugates stored at room temperature (22 ± 2 ◦C) and human serum at 37 ± 1 ◦C.  

Formulation Radiochemical stability of radiolabeled Dex-conjugates stored in RT (free 
lutetium-177 [%]) 

Radiochemical stability of radiolabeled Dex-conjugates stored in human serum at 
37 ◦C (free lutetium-177 [%]) 

1 h 24 h 48 h 72 h 144 h 1 h 24 h 48 h 72 h 144 h 

PAD 0%GuL 97.7 ± 0.5 
(0.0 ± 0.0) 

98.5 ± 0.8 
(0.0 ± 0.0) 

96.4 ± 2.5 
(0.1 ± 0.1) 

94.2 ± 1.3 
(0.3 ± 0.1) 

n.d. 96.2 ± 0.8 
(0.0 ± 0.0) 

97.3 ± 0.9 
(0.0 ± 0.0) 

97.2 ± 0.2 
(0.4 ± 0.1) 

94.5 ± 2.3 
(0.7 ± 0.1) 

n.d. 

PAD 5%GuL 93.4 ± 0.8 
(0.4 ± 0.1) 

96.2 ± 0.9 
(0.9 ± 0.5) 

95.5 ± 0.9 
(0.4 ± 0.2) 

91.1 ± 2.8 
(0.7 ± 0.2) 

n.d. 91.8 ± 0.9 
(0.0 ± 0.0) 

95.8 ± 0.1 
(0.0 ± 0.0) 

92.1 ± 0.3 
(2.2 ± 0.2) 

n.d. n.d. 

PAD 30%GuL 91.3 ± 1.1 
(0.5 ± 0.2) 

90.9 ± 1.0 
(0.9 ± 0.2) 

89.2 ± 0.5 
(0.6 ± 0.1) 

n.d. n.d. 92.3 ± 3.6 
(0.0 ± 0.0) 

86.7 ± 2.4 
(3.2 ± 2.5) 

83.0 ± 1.3 
(3.9 ± 0.3) 

n.d. n.d. 

PAD 50%GuL n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
DX-TCT 0% 

GuL 
99.9 ± 0.1 
(0.1 ± 0.0) 

100.0 ± 0.0 
(0.0 ± 0.0) 

99.4 ± 0.6 
(0.6 ± 0.1) 

98.1 ± 1.6 
(0.8 ± 0.3) 

93.7 ± 1.3 
(0.7 ± 0.2) 

100.0 ± 0.0 
(0.0 ± 0.0) 

100.0 ± 0.0 
(0.0 ± 0.0) 

100.0 ± 0.0 
(0.0 ± 0.0) 

100.0 ± 0.0 
(0.0 ± 0.0) 

98.3 ± 0.2 
(0.6 ± 0.2) 

DX-TCT 5% 
GuL 

99.8 ± 0.1 
(0.2 ± 0.2) 

99.1 ± 0.6 
(0.4 ± 0.4) 

100.0 ± 0.0 
(0.0 ± 0.0) 

99.2 ± 0.5 
(0.3 ± 0.2) 

98.7 ± 0.4 
(0.4 ± 0.2) 

100.0 ± 0.0 
(0.0 ± 0.0) 

99.7 ± 0.1 
(0.3 ± 0.1) 

100.0 ± 0.0 
(0.0 ± 0.0) 

100.0 ± 0.0 
(0.0 ± 0.0) 

98.9 ± 0.4 
(0.4 ± 0.2) 

DX-TCT 30% 
GuL 

100.0 ± 0.0 
(0.0 ± 0.0) 

99.9 ± 0.1 
(0.1 ± 0.0) 

99.8 ± 0.3 
(0.2 ± 0.1) 

99.2 ± 0.4 
(0.3 ± 0.1) 

98.6 ± 0.3 
(0.4 ± 0.3) 

100.0 ± 0.0 
(0.0 ± 0.0) 

99.4 ± 0.2 
(0.6 ± 0.2) 

100.0 ± 0.0 
(0.0 ± 0.0) 

100.0 ± 0.0 
(0.0 ± 0.0) 

99.1 ± 0.3 
(0.4 ± 0.2) 

DX-TCT 50% 
GuL 

100.0 ± 0.0 
(0.0 ± 0.0) 

99.9 ± 0.1 
(0.1 ± 0.0) 

99.9 ± 0.1 
(0.1 ± 0.0) 

99.4 ± 0.2 
(0.1 ± 0.0) 

99.0 ± 0.4 
(0.3 ± 0.1) 

100.0 ± 0.0 
(0.0 ± 0.0) 

100.0 ± 0.0 
(0.0 ± 0.0) 

100.0 ± 0.0 
(0.0 ± 0.0) 

100.0 ± 0.0 
(0.0 ± 0.0) 

100.0 ± 0.0 
(0.0 ± 0.0) 

n.d. – no data. 

Table 3 
Amounts of reagents used for synthesis of PAD-GuL-DOTA and PAD-GuL-Cy5 nanoparticles.  

Formulation Reagents [mg] 

1 2 DIPEA PAD (5)a DAD⋅2HCl NaBH4 DOTAb, c Cy5NH2 

PAD 0%GuL - - - 338.0 44.2 12.2 24.3 - 
PAD 5%GuL 10.0 10.4 2.7 857.0 106.4 31.0 24.3 - 
PAD 30%GuL 10.0 10.4 2.7 142.9 13.1 5.2 24.3 - 
PAD 50%GuL 20.0 20.8 5.4 171.4 11.2 6.2 24.3 – 
PAD 5%GuL Cy5 10.0 10.4 2.7 857.0 103.1 – – 8.0 
PAD 50%GuL Cy5 10.0 10.4 2.7 85.7 5.3 – – 0.8  

a 478.3 nmol of CHO/mg 
b Used as DOTA-NHS 
c Used for 100 mg of obtained PAD-GuL. 
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solution. The reaction was regarded as complete when no further 
changes in pH were observed. Obtained product (Dex-TCT) was subse
quently dialyzed against ultrapure water for 24 h (water was changed 3 
times, 100-fold excess of dialysate) and freeze-dried. 

3.6. Synthesis of Dex-TCT-GuL-DOTA conjugates (9) 

Similarly, to PAD-GuL-DOTA nanoparticles, four different formula
tions of Dex-TCT-GuL-DOTA were prepared, differing in the content of 
the GuL-PEG5-NH2 targeting agent (deprotected 3) attached to Dex- 
TCT, namely the formulations with a GuL-PEG5-NH2 substitution of 
0,5%, 30% and 50%. Appropriate amounts (Table 4) of GuL-PEG5-NH2 
substrate, required to obtain conjugates with a specific substitution 
degree, were calculated based on the content of the active chloride 
atoms in Dex-TCT (538.0 nmol/mg). The remaining active chloride 
atoms were substituted with a DOTA-PEG4-NH2 chelator (CheMatec) 
(50% of the substitution degree in each formulation) and glycine (50%, 
45%, 20% and 0%). The latter was used to saturate the remaining active 
chloride atoms. The reactions were carried out at 60 ◦C for 3 h in 0.44 M 
carbonate buffer pH 8.4.125 mg of Dex-TCT in the total volume of 3.3 
mL was used in each reaction. The obtained product (Dex-TCT-GuL- 
DOTA) was subsequently dialyzed against acetate buffer (10 mM, pH 
5.0) for 24 h, then against ultra-pure water for another 24 h and finally, 
freeze-dried. Water or buffer was changed 3 times during each 24 h of 
dialysis. The volume of dialysate was used in at least a 100-fold excess of 
the volume of the reaction mixture. 

3.7. Synthesis of PAD-GuL Cy5 nanoparticles and Dex-TCT-GuL Cy5 
conjugates (10, 11) 

For cellular uptake analyses, two formulations of PAD-GuL-Cy5 and 
two formulations of Dex-TCT-GuL-Cy5 were prepared. The synthesis 
procedures were as described above for PAD-GuL and Dex-TCT-GuL 
with DOTA chelator replacement with fluorescent dye Cy5 (Lumiprobe) 
and the substitution degrees were: GuL-PEG5-NH2 50%; Cy5 3%; DAD 
47% or GuL-PEG5-NH2 5%; Cy5 3%; DAD 92% for PAD-GuL-Cy5, and 
GuL-PEG5-NH2 50%; Cy5 3%; glycine 47% or GuL-PEG5-NH2 5%; Cy5 
3%; glycine 92% for Dex-TCT-GuL-Cy5. The obtained products (PAD- 
GuL-Cy5 and Dex-TCT-GuL-Cy5) were purified by dialysis against ace
tate buffer (10 mM, pH 5.0) supplemented with 50 mM NaCl for 24 h 
and subsequently against ultra-pure water for another 24 h, and freeze- 
dried. Water or buffer was changed 3 times during each 24 h of dialysis. 
The volume of dialysate was used in at least a 100-fold excess of the 
volume of the reaction mixture. 

3.8. Quantification of aldehyde groups in PAD and active chloride atoms 
in Dex-TCT 

The methods were based on the quantitative colorimetric determi
nation of chromogenic derivatives, resulting from the reaction of hy
droxylamine with 2,4,6-Trinitrobenzenesulfonic acid (TNBS). In order 
to quantify the aldehyde group content in PAD and the active chlorine 
atoms in Dex-TCT, both substances were incubated with hydroxylamine 
to react with mentioned groups. The remaining hydroxylamine was then 
quantified using TNBS. 

3.9. Acquisition of the inhibition curves for PAD-GuL-DOTA and Dex- 
TCT-GuL-DOTA against PSMA 

Inhibition curves against PSMA were obtained using a fluorimetric 
quantitative measurement of L-glutamate, which is released from N- 
acetyl-aspartyl-glutamate (NAAG, Sigma-Aldrich) in a PSMA catalyzed 
reaction (Zhang et al., 2006). The recombinant PSMA protein (Sino
Biological) was briefly incubated in the total solution volume of 50 μL 
with various amounts of PAD-GuL-DOTA or Dex-TCT-GuL-DOTA (i.e. 
0; 0.05; 0.5; 5; 10; 25; 50; 500 and 5000 ng), in the presence of 10 μM 
NAAG for 150 min at 37 ◦C. Subsequently, 50 μL of Amplex™ Red 
Glutamic Acid/Glutamate Oxidase Assay Kit (ThermoFisher) solution 
containing 26 μg/mL of Amplex red (10-Acetyl-3,7-dihydroxyphenox
azine), 0.16 U/mL of L-glutamate oxidase, 0.5 U/mL of L-gluta
mate-pyruvate transaminase, 0.25 U/mL of horseradish peroxidase and 
200 μM alanine were added. The samples were then incubated for 30 
min in the dark at 37 ◦C, and the fluorescence was measured using Tecan 
Spark microplate reader with excitation and emission wavelengths at 
530 and 590 nm, respectively. 

3.10. Determination of DOTA chelator content in PAD-GuL-DOTA and 
Dex-TCT-GuL-DOTA 

The DOTA chelator content was measured with an assay developed 
in our laboratory, relying on the quantitative determination of europium 
(Eu3+) ions using DELFIA Enhancement Solution (PerkinElmer). The 
detailed assay procedure was reported in Szkop et al. (2019). 

3.11. Cell culture model 

The LNCaP, PC3 prostate cancer cells and human fibroblasts (all 
ATCC) were cultured in a controlled environment (5% CO2 at 37 ◦C) and 
in specific media supplemented with 10% FBS and antibiotics (1% 
penicillin-streptomicin). LNCaP cells were maintained in RPMI (ATCC 
modification), PC3 cells in F12K, and fibroblasts in DMEM High glucose. 

3.12. Cellular uptake 

Cellular uptake of the synthetized PSMA targeted Dex-conjugates 
was visualized by confocal laser scanning microscopy. For these obser
vations, LNCaP and PC3 cells were seeded on poly-L-lysine coated cov
erslips and left to attach and grow for 72 h in standard cell culture 
conditions. Then cells were treated with PAD-GuL-Cy5 or Dex-TCT- 
GuL-Cy5 at the concentration of 100 μg/mL for 30 or 60 min at 37 ◦C, 
fixed in 4% paraformaldehyde solution in PBS and mounted with Pro
Long Diamond Antifade Mountant with DAPI (Molecular Probes). Mi
croscope slides were examined using a ZEISS LSM 880 Confocal Laser 
Scanning Microscope. The specificity of uptake was further verified by 
performing cell treatments with formulations at 4 ◦C, or after pre
incubation (30 min) in the presence of the PSMA inhibitor 2-PMPA 
(Cayman Chemical Company) (1 mM). 

3.13. Cytotoxicity studies 

XTT reagent (Thermo Fisher Scientific) was used to evaluate cell 

Table 4 
Amounts of reagents used for synthesis of Dex-TCT-GuL-DOTA and Dex-TCT- 
GuL-Cy5 conjugates.  

Formulation Reagents [mg] 

1 2 DIPEA DEX- 
TCT 
(8)a 

DOTAb Gly Cy5NH2 

DX-TCT 0% 
GuL 

- - - 254.0 43.1 5.1 - 

DX-TCT 5% 
GuL 

10.0 10.4 2.7 762.1 127.7 13.9 – 

DX-TCT 30% 
GuL 

10.0 10.4 2.7 127.0 21.3 1.0 – 

DX-TCT 50% 
GuL 

20.0 20.8 5.4 152.4 25.5 – – 

DX-TCT 5% 
GuL Cy5 

10.0 10.4 2.7 762.1 – 28.3 8.0 

DX-TCT 50% 
GuL Cy5 

10.0 10.4 2.7 76.2 – 1.5 0.8  

a ) 538.0 nmol of active chloride atoms/mg; b) used as DOTA-PEG4-NH2. 
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viability. To perform this analysis the LNCaP, PC3 cells and fibroblasts 
were seeded on 96 well plate in an appropriate culture medium and 
allowed to grow for 48 h. Subsequently, the culture medium was 
removed and replaced with fresh RPMI medium without FBS, supple
mented with PAD-GuL-DOTA or Dex-TCT-GuL-DOTA in different 
concentrations (10, 50, 100, 250, 500 and 1000 μg/mL) or without 
supplementation (untreated control). Simultaneously, the XTT solution 
with PMS (Sigma Aldrich) was added to give a final concentration of 0.2 
mg/mL. Absorbance measurements (λ = 450), using microplate spec
trophotometer, took place after 4 h of incubation at 37 ◦C, 5% CO2 in a 
humidified atmosphere. Possible interference was probed at each con
centration of the Dex-conjugates by incubation with XTT in the RPMI 
medium without cells. For the 24 h incubation time points, samples were 
dissolved in a culture medium appropriate for each cell line but without 
serum supplementation. After the indicated time, the medium was 
replaced with XTT solution (0.2 mg/mL) in RPMI without FBS. Absor
bance was measured after 2 h of incubation as specified earlier. 

3.14. Radiochemistry 

Dex-conjugates containing targeting agent and chelator (PAD-GuL- 
DOTA and Dex-TCT-GuL-DOTA) were radiolabeled with [177Lu]LuCl3 
in 0.04 M HCl (LutaPol, POLATOM) of SA higher than 555 MBq/mg Lu. 

Radiolabeling was carried out in ascorbic acid sodium salt buffer (AAB; 
pH = 4.5–5) containing 2 mg of Dex-conjugates and 5–20 μL of [177Lu] 
LuCl3 (100–700 MBq), up to 1 mL. Reaction mixtures were incubated at 
95 ± 5 ◦C for 15 min. The radiolabeling yield (RCY) of the final 
formulation was determined by thin layer chromatography. The thin- 
layer chromatography was performed on silica-gel plates (ITLC SG) 
with 0.1 M citric buffer (pH = 5) as a mobile phase to differentiate be
tween the free 177Lu (mobile phase) and Dex-conjugate bond 177Lu 
(stationary phase). The radiolabeling yield was evaluated in the pres
ence of a competitor (10 mM DTPA) in excess, which reacts with non- 
incorporated radionuclides. Due to a high RCY of radio conjugates, 
further purification was not necessary. 

3.15. Serum stability assay 

The in vitro stability of 177Lu-Dex-conjugates was studied in human 
serum to assess the suitability of the formulation for pre-clinical use. For 
this, 200 μL portions of the radiolabelled Dex-conjugates were mixed 
with 1 mL of fresh human serum and incubated at 37 ◦C. The samples 
were analyzed by ITLC-SG after 1, 24 and 48 h of incubation using the 
method described above. 

Scheme 1. A Modification of Glu-urea-Lys: a) DIPEA, DCM, RT, 24 h; b) TFA, DCM, RT, 24 h; c) NaOHaq, pH~11; B Synthesis of PAD GuL NPs; a) NaIO4, H2O, RT, 
60 min; b) GuL-PEG5-NH2, pH~11, 35 ◦C, 60 min; c) DAD∙2HCl, pH~11, 35 ◦C, 100 min; d) NaBH4, EtOH, H2O, pH~11, 35 ◦C, 60 min; e) DOTA-NHS, 0.1 M 
phosphate buffer, pH~11, RT, 90 min; C Synthesis of Dex-TCT-GuL conjugates: a) TCT, NaOH, H2O 4–8 ◦C b) GuL-PEG5-NH2, DOTA-PEG4-NH2, Glycine, NaOH, 
60 ◦C; D Synthesis of PAD-GuL-Cy5 nanoparticles and Dex-TCT-GuL-Cy5 conjugates: a) GuL-PEG5-NH2, pH~11, 35 ◦C, 60 min; b) Cy5NH2, pH~11, 35 ◦C, 60 min; 
c) DAD∙2HCl, pH~11, 35 ◦C, 100 min; d) GuL-PEG5-NH2, Cy5NH2, Glycine, NaOH, 60 ◦C. 
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4. Results 

4.1. Synthesis 

We present two pathways for the synthesis of dextran-based conju
gates containing low-molecular weight PSMA inhibitor (GuL) and two 
types of indicators (DOTA chelator for radiolabeling studies and Cy5 dye 
for cell binding visualization). These two synthetic methods differ by 
way of molecular bonding, i.e. a classic procedure of reductive amina
tion reactions vs. the nucleophilic aromatic substitution in tri
chlorotriazine. These two approaches resulted in two physical forms of 
products: PAD-GuL-DOTA nanoparticles and Dex-TCT-GuL-DOTA 
conjugates. Thus, we obtained two types of product for the targeted 
therapy of PC, containing varying amounts of Glu-urea-Lys (GuL) as a 
targeting agent for PSMA. 

During the synthesis, we used an inactivated form of GuL—tri (tert- 
butyl) ester (1)—to modify its structure, by crosslinking with PEG linker 
(2) to lengthen amine arm (3). The next step was deprotection of tert- 
butyl ester groups by acid hydrolysis (4), followed by alkalization, to 
obtain the active form of modified inhibitor GuL-PEG5-NH2 (5), ready 
for conjugation (Scheme 1A). Lengthening of the amine arm is required 
for the inhibitor to access the pocket of the PSMA active site. This is 
particularly crucial for nanoparticles as there is a need to expose the 
conjugated inhibiting agent on the surface of NPs. 

By means of each synthetic route (i.e. with PAD and Dex-TCT) we 
have prepared four variants of DOTA-containing products with different 
amounts of GuL and two variants of Cy5 containing products with 
different amounts of GuL. 

The initial step of nanoparticle synthesis was the partial oxidation of 
dextran, using sodium metaperiodate, to obtain polyaldehydedextran 
(PAD, 5). This modification resulted in the presence of aldehyde groups 
in the polysaccharide chain that were further functionalized (Scheme 
1B). GuL-derivative (4) and coiling agent DAD∙2HCl were coupled to 
PAD by imine formation under basic conditions in water (6). The 
resulting micelle-type nanoparticles containing imine bonds were 
reduced using sodium borohydride. The primary amine groups were 
further functionalized with DOTA-NHS chelator (Scheme 1B) to give the 
target product (7). In order to obtain Cy5 labelled NPs, PAD was reacted 
with GuL-PEG5-NH2 (4) under basic conditions, before an aqueous 

solution of Cy5NH2 was added. The final step was the addition of 
DAD∙2HCl to obtain imine-form of nanoparticles without reduction 
(10) (Scheme 1D). 

The synthesis of the conjugates began with a reaction of Dex and TCT 
to give an activated form of dextran (Dex-TCT, 8). Cyanuric chloride 
modified the structure of the polysaccharide via nucleophilic aromatic 
substitution of chlorine atoms in TCT under basic conditions at 4–8 ◦C. 
During this modification, 2 M equivalents of sodium hydroxide (in 
relation to TCT) were used, affording (8) upon completion. The amount 
of base corresponded to the two chlorine atoms which were substituted 
under described conditions. Consequently, we assumed that crosslinking 
or hydrolysis may occur. Because of this, one chlorine atom remained, in 
the triazine ring and was available for further modification by (4) and 
other components. GuL-PEG5-NH2 and DOTA chelator (in this case an 
amine derivative) were combined with glycine, making a three- 
component mixture which reacted with Dex-TCT in alkaline condi
tions at 60 ◦C, affording the final product (9) (Scheme 1C). The pro
cedure for the synthesis Dex-TCT-GuL-Cy5 (11) was similar and is 
presented in Scheme 1D. 

The DOTA chelator content was quantified with a DELFIA assay. [11] 
It was observed that the levels of DOTA attachment to PAD-GuL NPs 
varied with the amount of added GuL and the yield decreased (from 52% 
to 13%) with greater substitution of GuL. The content of DOTA ranged 
from 126 to 33 nmol/mg of PAD-GuL-DOTA. The efficacy of DOTA 
bonding to Dex-TCT was not related to GuL content in the conjugate and 
proceeded in the yields of 70–88%. The content of DOTA ranged from 
217 to 187 nmol/mg of Dex-TCT-GuL-DOTA. The PAD-GuL NPs and 
Dex-TCT-GuL conjugates labelled with Cy5 (i.e. PAD-Gul-Cy5 and c) 
were obtained with variable amounts of (5) added to the reaction (5 and 
50%) and a constant amount of Cy5. The determined amounts of Cy5 
were 1.37 and 2.27 nmol/mg for PAD-GuL-Cy5 and 7.31 and 7.23 
nmol/mg for Dex-TCT-GuL-Cy5. The characteristics of these products is 
described in Table 1. Due to the fact that Dex-TCT-GuL conjugates do 
not form micelle-like structures, the measurements of size and zeta po
tential were not required. 

4.2. PSMA inhibiting properties of nanoparticles and conjugates 

In order to determine the inhibitory properties of PAD-GuL-DOTA 

Fig. 1. Inhibition curves of PAD-GuL-DOTA and Dex-TCT-GuL-DOTA with various theoretical GUL substitutions.  
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and Dex-TCT-GuL-DOTA, which corresponds to the content of GuL in 
the prepared formulations, we used the fluorimetric assay described 
above. As shown in Fig. 1, no substantial inhibition was observed for 
formulations where the theoretical substitution with GuL was 0%. For 
Dex-TCT-GuL-DOTA conjugates, the degree of inhibition increased 
gradually with a corresponding rise in theoretical substitution of GuL. 
For PAD-GuL-DOTA, the highest inhibitory properties were observed 
for formulation containing the theoretical substitution with GuL of 30%. 

4.3. In vitro cell assays/cell viability 

The potential toxicity of prepared formulations was verified on two 
prostate cancer cell lines, LNCaP and PC3, as well as on human dermal 
fibroblasts, which represent non-malignant cells. Results shown in Fig. 2 
indicate that none of analyzed formulations are toxic for the investigated 
cell lines as neither Dex-conjugate caused a decrease in cell viability 
below the critical level of 80% of control. The strongest negative impact 
was observed after treatment of PC3 cells and Fibroblasts with PAD- 

Fig. 2. Cell toxicity of synthesized formulations tested with XTT assay. LNCaP, PC3 and Fibroblasts treated with PAD-GuL-DOTA for 4 h (A), PAD-GuL-DOTA for 24 
h (B), Dex-TCT-GuL-DOTA for 4 h (C), Dex-TCT-GuL-DOTA for 24 h (D). Results are expressed as a percentage of untreated control (mean ± SEM, n ≥ 3). 
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GuL-DOTA in the highest concentration (1000 μg/mL) for 4 h (Fig. 2A), 
when cells viability dropped below 85% of control. After 24 h of incu
bation, we did not observe a decline in PC3 cells viability (Fig. 2B) and, 
surprisingly, we even noticed the increase in case of fibroblasts. For 
LNCaP cells, treatment with PAD-GuL-DOTA for 4 or 24 h caused no 
significant changes in viability. Similarly, all Dex-TCT based formula
tions showed no obvious cytotoxicity to analyzed cell lines in the tested 
range of concentrations and time points. 

4.4. Cellular uptake of Dex-conjugates 

We used confocal microscopy and formulations labelled with Cy5 to 
visualize their binding ability to the cells (Fig. 3). The 50% and 5% GuL 
substituted formulations were chosen for studies and were incubated 
with LNCaP cells (PSMA+) for 30 or 60 min at 37 ◦C. Under these 
conditions, signals of PAD-GuL-Cy5 and Dex-TCT-GuL-Cy5 within the 
cells were observed, with noticeably stronger signals after longer 
treatment times. This indicates that both types of Dex-conjugates can be 
endocytosed by LNCaP cells. The process runs slightly faster for Dex- 
TCT-GuL-Cy5, which was observed after 30 min of incubation. When 
considering the percentage of GuL substitution, it is hard to draw con
clusions over its role in cell binding as long as the difference in signal 
strength between 50% GuL and 5% GuL substituted PAD or Dex-TCT is 
not well pronounced. Further investigation revealed that the presence of 

GuL in PAD based formulations was not enough to provide binding 
specificity. After incubation with PSMA negative PC3 cells, PAD-GUL- 
Cy5 was still subject to endocytosis; this is in contrast to Dex-TCT-GuL- 
Cy5, which gave no signal. This observation was confirmed in additional 
experiments on LNCaP cells preincubated with PSMA inhibitor 2-PMPA 
(1 mM), which prevented attachment of Dex-TCT-GuL-Cy5 to the re
ceptor but remained with no significant influence on PAD-GuL-Cy5 
endocytosis. Finally, LNCaP cell treatment at 4 ◦C blocked unspecific 
binding of PAD-GuL-Cy5, whereas selective recognition of Dex-TCT- 
GuL-Cy5 by PSMA could take place, though could not be followed by 
internalization. 

4.5. Radiolabelling and serum stability 

The complexes of 177Lu-labelled Dex-conjugates were prepared with 
specific activity from 40 to 200 MBq/mg. The radiolabeling yield ob
tained for DX-TCT formulations was higher than 99% and was better 
than for PAD formulation which hovers around 90%. The radiochemical 
stability for all Dex-conjugation was determined in radiolabeling buffer 
(AAB). More beneficial radiochemical stability in human blood serum 
was observed for DX-TCT formulations (up to 6 days) compared to PAD 
formulations, which decrease after 48 h below 95%, (Table 2). 

Fig. 3. Cell binding ability of prepared formulations. The formulations labelled with Cy5 – red, DAPI labelled nuclei – blue. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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5. Discussion 

We have successfully obtained two types of formulation based on the 
dextran chain. PAD-based formulations folded into micelle-like struc
tured nanoparticles, while Dex-TCT conjugates showed no organized 
structure. NPs showed hydrodynamic diameter mode values between 80 
and 150 nm depending on the amount of added PSMA-inhibitor and 
DOTA. There was a noticeable trend of decreasing mode value with 
increasing amount of PEG-GuL-NH2 and decreasing DOTA content. This 
might be caused by stronger coiling due to present of PEG chains, as well 
as reduced steric hindrance of DOTA molecules interfering in the NPs 
structure. Zeta potential was also found to decrease with increasing 
content of GuL, probably due to the greater substitution of amine groups 
on the coiling agent (DAD). 

Dex-TCT-GuL-DOTA conjugates showed significantly higher levels 
of DOTA attached when compared to the corresponding PAD-GuL NPs. 
The attachment of DOTA to previously activated dextran chain with TCT 
results in highly stable linkage, while conjugation of DOTA to the PAD- 
GuL NPs requires additional reduction of the DAD-PAD Schiff base. 
Consequently, the remaining unreacted Schiff-bases are unstable and 
responsible for the DOTA detachment. This was observed in the radio
labeling studies, where both types of formulation exhibited good radi
olabeling properties. However, for PAD-GuL-DOTA NPs, decreasing 
radiostability over time was observed, while Dex-TCT-GuL-DOTA 
showed excellent radiolabeling purity and stability. Still, once radio
labeled, both types of obtained formulation showed stability over 90% 
after 48 h in both radiolabeling buffer and human serum. Compared to 
radiocarriers previously reported in the literature, the obtained formu
lations are bind the isotope with higher efficacy. 

PSMA inhibition data showed that both PAD-DOTA NPs and Dex- 
TCT-DOTA without GuL showed almost no inhibition. The highest in
hibition was recorded for Dex-TCT-50%GuL-DOTA and surprisingly for 
PAD-30%GuL-DOTA instead of PAD-50%GuL-DOTA. Also, PAD-5% 
GuL-DOTA showed higher inhibition than Dex-TCT-GuL-DOTA with 
the same theoretical GuL content. It may indicate that additional 
mechanisms occur in the case of nanoparticles; this is also reflected in 
the GuL 0% samples, where PAD inhibition is slightly elevated in the 
highest concentration. The endocytic pathway and GuL–PSMA in
teractions were observed in cell assays for both types of formulation. 
Dex-TCT-GuL-DOTA formulations showed highly specific bonding with 
PSMA receptor. PSMA + cells showed high binding of Dex-TCT-GuL- 
DOTA, whereas PSMA-cells and PSMA + preincubated with 2-PMPA 
inhibitor showed nearly no binding of conjugates. As mentioned 
above, NPs were endocytosed in both cases independently from PSMA 
receptor availability, using a different endocytic pathway. It appears 
that the tertiary structure of dextran in the nanoparticles significantly 
influences NPs interactions with cells and undergoes different endocytic 
mechanisms when compared to the free dextran chains. Furthermore, 
based on these observations we can conclude that NPs in used concen
trations remain as micelles and are above the CMC value. 

Neither PAD NPs nor Dex-TCT conjugates showed toxicity on the 
tested cell lines. This ensures the safety of the obtained radiocarrier, 
which is vital for future clinical application. 

6. Conclusions 

In this work, we developed two types of radiocarriers, where Dex- 

TCT-GuL conjugates showed high selectivity towards PSMA receptors in 
vitro, excellent radiolabeling characteristics and lack of cytotoxicity. It 
indicates that such formulations might be further used as actively tar
geted radiopharmaceuticals for either diagnostics or therapy. We 
believe that the presented conjugates enrich the state-of-the-art and 
could be further developed for clinical use. 
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