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ABSTRACT: This study aimed to develop a novel adsorbent, Zn* -loaded hexanedi- °
amine—chitosan (HDA-CS) beads, for the selective removal of human testosterone from o W, —_—
£

plasma. The preparation involved synthesizing chitosan beads, modifying them with

hexanediamine to enhance adsorption capacity and subsequently loading them with zinc

ions. The effects of the HDA spacer, Zn** concentration, and adsorption time on the w W
. . . . - “,

adsorption percentage for testosterone were systematically investigated through a series of ,ﬁ. ]

adsorption experiments. Results indicated that the Zn®* -HDA-CS beads achieved a

maximum adsorption capacity of approximately 35% within 90 min. The analysis of plasma ~ ~—
concentrations of an, albumin, and sex hormone-binding globulin (SHBG) indicated Q@ chitosanbeas @ zon . T bound SHBG
that the adsorption process involved a complex interaction between testosterone-bound W hexancdamine ] plasma

SHBG and albumin for Zn® binding sites on the beads. Additionally, the adsorbent
demonstrated good storage stability and selectivity for testosterone, with minimal impact on total protein content in plasma. These

findings highlight the potential of Zn® -HDA-CS beads as an effective therapeutic option for managing testosterone levels in clinical
settings, particularly in patients undergoing androgen deprivation therapy for prostate cancer.

1. INTRODUCTION novel adsorbent to remove human testosterone from plasma via
hemoperfusion.

Avvakumov et al. reported that the amino-terminal G domain
of sex-hormone-binding globulin (SHBG) contains three
binding sites for metal ions, with Zn>* binding to site II and
Il (see Figure 1)."”” Albumin also possesses a major Zn**
binding site.'* Based on these findings, we designed and
prepared Zn**-loaded cellulose beads coated with chitosan for
the removal of human testosterone from plasma."’

In this study, we aim to develop an adsorbent with good
selectivity for testosterone in human plasma, providing a
potential adsorbent for hemoperfusion-based androgen depri-
vation therapy in prostate cancer. Zn*, an essential micro-
nutrient for the human body, was selected as a ligand. Chitosan
(CS), a widely used material for modified structures and
composites,'”'” was employed to prepare beads with excellent
hemocompatibility, serving as the carrier for the adsorbent.
Previous research has demonstrated that a specific length of
spacer can significantly enhance the adsorption capacity for low-

Testosterone (T) is the most important plasma androgen in
men." It plays a crucial role in the etiology of prostate cancer, as
it is essential for the maintenance and growth of the prostate
gland.” Prostate cancer can regress when androgen stimulation is
withdrawn. Currently, androgen deprivation therapy (ADT) is
the first-line treatment for prostate cancer.’” The treatment
options for ADT include gonadotropin-releasing hormone
(GnRH) agonists and antagonists, as well as bilateral
orchiectomy.4 However, both approaches have significant
adverse effects on patients. GnRH agonists and antagonists
may increase the risk of cardiovascular disorders and metabolic
dysfunction.” Orchiectomy is also associated with an elevated
risk of Cardiovascular events and has fallen out of favor due to
psychological trauma and irreversibility of the procedure.’
Both medical therapy and surgical treatment currently fail to
yield convincing clinical results. Hemoperfusion presents a
promising alternative to ADT. Testosterone is primarily
secreted by the testis,” and most of it in plasma is protein-
bound, and only 1-2% existing in a free form.”” Common

hemodialysis cannot effectively remove testosterone from Received: December 26, 2024
plasma.'® However, hemoperfusion has been reported to adsorb Revised: ~ March 22, 2025
over 80% of protein-bound toxins."" Furthermore, hemoperfu- Accepted:  April 2, 2025

sion has been widely utilized in clinical trials, demonstrating Published: April 9, 2025

positive outcomes for the treatment of intoxication, hepatic
failure, renal failure, and sepsis.'” It is significant to develop a
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Figure 1. Zinc-binding sites II (Figure 1A) and III (Figure 1B) in the amino-terminal G domain of SHBG. Reprinted with permission from
Avvakumov, G. V.; Muller, Y. A.;; Hammond, G. L. Steroid-binding specificity of human sex hormone-binding globulin is influenced by occupancy of a
zinc-binding site. J. Biol. Chem 2000, 275 (34), 25920—25925. Copyright 2000 Elsevier. PDB code: 1FSF. The active residues in the Zn** binding site

are highlighted in orange, while the steroid within the binding site is depicted in blue.
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Figure 2. (A) Preparation of reduced chitosan beads; (B) Modification of RCS beads with Zn*".

density lipoprotein (LDL) and bilirubin.'®"? Therefore, 1,6-
hexanediamine (HDA) was chosen as the spacer to improve the
adsorption capacity for testosterone. We prepared Zn**-loaded
chitosan beads as adsorbents for the removal of testosterone
from human plasma. Additionally, we investigated the factors
affecting the adsorption ability of these adsorbents for
testosterone.

2. MATERIALS AND METHODS

2.1. Materials. Chitosan and glutaraldehyde (50% v/v) were
obtained from Aladdin Industrial Corporation (Shanghai,
China). The deacetylation degree of the chitosan was
determined to be 89.4% via acid—base titration, as referenced
in the literature.”® The intrinsic viscosity of chitosan was
measured at 495.29 mL-g™' at 25 °C using an Ubbelohde
viscometer with a capillary diameter of 0.5—0.6 mm. The
molecular weight of chitosan was calculated to be 702 kDa using
the Mark—Houwink-Sakurada equation. Sodium borohydride,
1,6-hexanediamine, and zinc sulfate heptahydrate were sourced
from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China),
while epichlorohydrin (ECH) was obtained from Lingfeng
Chemical Reagent Co. Ltd. (Shanghai, China). All other
reagents were of analytical grade.

2.2. Plasma Collection. Plasma was collected from several
male volunteers aged 18 to 60 years at Shiyan Renmin Hospital,
all of whom had routine blood tests that showed no significant
abnormalities. The plasma samples were then mixed, aliquoted
into EP tubes, and stored at —20 °C until use.

15394

2.3. Preparation of Zn?*-HDA-CS Beads. Reduced
chitosan (RCS) beads were prepared using a cross-linking
agent in combination with an emulsion technique described by
Wang et al. (see Figure 2A).”" Briefly, a chitosan solution (5%
w/v) in aqueous acetic acid solution (5% v/v) was added to a
mixture of toluene and Span 80. Glutaraldehyde (40% v/v) was
then added into the dispersion medium. The mixture was
neutralized with a 5% (w/v) sodium hydroxide solution and
heated to 80 °C for 4 h. Chitosan beads, sized between 20 and 40
mesh, were collected and extracted with absolute ethanol in a
Soxhlet apparatus for 48 h. Subsequently, they were placed in a
flask containing sodium borohydride and sodium acetate and
shaken for 12 h. The beads were then collected and washed with
deionized water until neutral.

The RCS beads were modified with HDA following
established protocols (see Figure 2B).”*’ Briefly, 1 g of wet
beads was mixed in a flask with 6 mL of DMSO, 3 mL of ECH,
and 2.25 mL of 2 M NaOH. The resulting suspension was
heated to 40 °C and maintained for 4 h, yielding epoxidized RCS
(ECH—CS) beads. Subsequently, 1 g of wet ECH—CS beads
and 8 mL of 30% (w/v) HDA were added to a ground-glass
stoppered Erlenmeyer flask. The mixture was shaken in a
thermostatically controlled shaker for 6 h at 60 °C. The liquid
was then filtered off, and the beads were washed with deionized
water until neutral. The amino groups of chitosan reacted with
the aldehyde group of glutaraldehyde, resulting in cross-linked
chitosan. Subsequently, the cross-linked chitosan was reduced
with sodium borohydride to enhance its stability. The hydroxyl
groups of RCS were activated by ECH and coupled with the
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amino groups of HDA through an addition reaction involving
the epoxy group, resulting in the synthesis of HDA-CS.

Exactly 1 g of wet HDA-CS beads was incubated with 100 mL
ofan 8 mg-mL~" Zn*" solution at pH 5.0, using zinc sulfate as the
source of Zn*", at 30 °C for 4 h. After washing with deionized
water until no Zn>* was detected, Zn>*-HDA-CS beads were
obtained.

2.4. Characterization. The epoxy group content on ECH—
CS beads was determined using the procedure described by
Sundberg.”* The amino group content on RCS beads and HDA-
CS beads was assessed through acid—base titration.”
Spectrophotometric determinations were performed using a
TU-1810 spectrophotometer (Pgeneral, Beijing, China) with
zincon for the measurement of Zn2* in the solution.”® The
amount of loaded Zn*" was calculated based on the change in
amount before and after incubation, as well as the weight of the
beads.

To prevent ice formation from altering the internal structure
of beads, HDA-CS beads and Zn**-HDA-CS beads were frozen
at =20 °C to promote the formation of smaller ice crystals.
Subsequently, they were transferred to a freeze-dryer (FD-1A-
50, Boyikang, China) to remove the water from the beads
overnight at —50 °C and 25 Pa vacuum pressure. The freeze-
dried beads were then coated with a thin layer of gold powder.
The morphologies of the beads were observed using SEM
(Sirion 200, FEI, Netherlands).

FTIR-ATR spectra were recorded with a VERTEX 70
spectrometer (Bruker, Germany), scanning from 4000 cm™" to
400 cm™" at room temperature. CS powder, RCS beads, ECH—
CS beads, HDA-CS beads, and Zn>*-HDA-CS beads were
characterized, respectively.

2.5. Adsorption Experiments for Testosterone. As
described in a previous study, 1 g of wet beads was incubated
with 3 mL of plasma and stirred for 2 h at 37 °C.** The
concentration of total testosterone in the plasma was
determined using an ELISA KIT (Human T ELISA KIT,
MLBIO, China). The adsorption capacity and adsorption
percentage were calculated according to the following

. 19,27
equations:

AC = [([C); — [CI)Vl/W (1)

AP = ([Cly = [C]4)/[Cl5 X 100% @)

where AC and AP represent the adsorption capacity and
adsorption percentage, respectively; [C]; denotes the testoster-
one concentration before adsorption, [C], indicates the
testosterone concentration after adsorption, Vp is the volume
of incubated plasma, and W is the mass of the wet adsorbent.

2.6. Measurement of Zn?*, Albumin, and SHBG
Concentrations in Plasma. Exactly 1 g of wet beads was
incubated with 3 mL of plasma and stirred for 2 h at 37 °C.
Plasma samples were collected at 0, 15, 30, 45, 60, 90, and 120
min intervals. Subsequently, Zn** concentrations in plasma were
determined using a zinc assay kit (Nanjing Jiancheng
Bioengineering Institute, China), albumin concentrations were
measured using an albumin assay kit (Nanjing Jiancheng
Bioengineering Institute, China), and SHBG concentrations
were assessed using an ELISA KIT (Human SHBG ELISA KIT,
MLBIO, China).

2.7. Measurement of Total Proteins in Plasma. Exactly 1
g of wet beads was incubated with 3 mL plasma and stirred for 90
min at 37 °C. Total protein concentrations were then
determined using a total protein quantitative assay kit (Nanjing

Jiancheng Bioengineering Institute, China). The adsorption
percentage for total proteins was calculated according to eq 2 to
evaluate the selectivity of the adsorbent.

2.8. Statistical Analysis. All data were expressed as mean =+
SD and analyzed for statistical significance using Student’s f test.
P-values less than 0.05 were considered statistically significant.

3. RESULTS AND DISCUSSION

3.1. Properties of Zn?*-HDA-CS Beads. An overview of
the properties of Zn**-HDA-CS beads is provided in Table 1.

Table 1. Properties of Zn>*-HDA-CS Beads (n = 3)

Parameter Value
Diameter (mesh, wet) 20—40
Packing density (g-mL™’, wet) 0.625 + 0.004
Water content (%, m/m) 56.00 + 1.52
Amino group content on RCS beads (umol-g™, wet) 504.8 +2.3
Epoxy group content (/Amol-gfl, wet) 312.67 + 8.08
Amino group content on HDA-CS beads (umol-g™", wet)  990.33 + 5.51
Amount of loaded Zn** (mg-g™", wet) 101.67 + 4.62

The amino group content of RCS beads was measured at 504.8
+ 2.3 umol-g~". Following the modification of RCS beads with
HDA, the amino group content increased to 990.33 + 5.51
umol-g~". Consequently, the amount of loaded Zn>* reached
101.67 + 4.62 mg-g .

3.2. Effect of Zn** Concentration on Adsorption
Percentage. The effect of Zn** concentration on the amount
ofloaded Zn?* ligands is illustrated in Figure 3A. The quantity of
loaded Zn*" ligands increased with Zn** concentration, reaching
an equilibrium value in an 8 mg-mL™' Zn*" solution. When
HDA-CS beads were incubated in Zn** solutions of varying
concentrations, their adsorption percentages differed. As shown
in Figure 3B, the adsorption percentage for testosterone
increased with rising Zn>* concentration, peaking at an 8 mg-
mL™" Zn** solution.

Although the results indicated an increase in adsorption
percentage with the amount of loaded Zn** ligands, higher Zn**
concentrations did not contribute further to the quantity of Zn**
ligands. This limitation is attributed to the restricted amino
group content on HDA-CS beads.

3.3. Effect of Spacer on Adsorption Percentage. To
investigate the effect of the spacer on the adsorption percentage,
the adsorbent was synthesized using RCS beads or HDA-CS
beads in an 8 mg'mL~" Zn?* solution. The adsorption capacities
of Zn**-CS and Zn>*-HDA-CS were 17.26 + 1.67% (n = 3) and
35.71 + 4.50% (n = 3) at 90 min, respectively. The adsorption
percentage of Zn**-HDA-CS beads was significantly higher than
that of Zn>*-CS beads (p = 0.003). Two factors may contribute
to the overall effectiveness of the spacer for testosterone
adsorption. First, the aliphatic hydrocarbon chains (4—10
carbon atoms in length) in the spacers may effectively facilitate
adsorption involving small ligands and target proteins.”® HDA,
with 6 carbon atoms, may enhance adsorption involving the
Zn* ligand and T-bound SHBG. Second, the use of HDA as a
spacer provides more amino groups, resulting in a higher
concentration of Zn?*' ligands on Zn?*-HDA-CS beads
compared to Zn>*-CS beads. Consequently, the use of HDA
as a spacer increased the adsorption percentage of Zn**-HDA-
CS beads for testosterone.

3.4. SEM. Figure 4 presents SEM images of HDA-CS beads
and Zn?*-HDA-CS beads. Figure 4A,B indicate that HDA-CS

https://doi.org/10.1021/acsomega.4c11595
ACS Omega 2025, 10, 15393—-15399


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c11595?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

: : : : : 50 ! L L . 1
A14n- B
45
~ 120 S
‘® ./\l [ 3
£ 100 s ]
= g 30
- 4
5 80 g
g a 254
] c
S
T 60 = 20
g . g
2 -—/ 9 15
0 / -]
+
N L] < 10 4
N
20 5]
0 T T T T T 0 T ! T T T
2 4 6 8 10 ° N . L 8

Zn2+ concentration (mg-mL"")

Zn2+ concentration (mg-mL"")

Figure 3. (A) Effect of Zn** concentration in solution on the amount of loaded Zn** ligands on Zn**-HDA-CS beads; (B) Effect of Zn** concentration
in solution on the adsorption percentage for testosterone through Zn**-HDA-CS beads (n = 3).
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Figure 4. SEM images of (A) the surface of HDA-CS beads, (B) the inner structure of HDA-CS beads, (C) the surface of Zn**-HDA-CS beads, and

(D) the inner structure of Zn>*-HDA-CS beads.

beads are nearly spherical with a smooth surface, although some
irregular pores are evident. Figure 4C,D demonstrate that after
incubation in a Zn*' solution, the surface morphology of the
beads changed. White, crystal-like structures were observed on
the surface and within the inner channels of the beads,
resembling the SEM images reported by Anitha.”” This indicates

that Zn? distributed to the internal channels of the adsorbent

through its surface pores. The water content of the wet
adsorbent was 56%, which also demonstrated that the adsorbent
had numerous internal channels connected to the surface. This
structure increased the surface area of the adsorbent, enhancing
its adsorption rate for testosterone. However, the images also
reveal that the pore size of the adsorbent is uneven. Therefore,
considering the size of sex hormone-binding globulin, the

15396 https://doi.org/10.1021/acsomega.4c11595
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preparation process of the adsorbent can be further optimized to
produce an adsorbent with appropriate pore size, uniform
distribution, and high porosity.

3.5. FTIR-ATR Spectra. The FTIR-ATR spectra of CS
powder, RCS beads, ECH—CS beads, HDA-CS beads, and
Zn**-HDA-CS beads are presented in Figure S. The absorption

Transmittance (%)

.C-O-
v T M T T T T T T T T T v T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 5. FTIR-ATR spectra of (A) CS powder, (B) RCS beads, (C)
ECH~—CS beads, (D) HDA-CS beads, and (E) Zn*'- HDA-CS beads.

band from 3400 cm™ to 3300 cm™' is attributed to the
stretching vibrations of the N—H and O—H groups. The band
around 2960 cm™' to 2840 cm™' is associated with the
symmetric and asymmetric stretching vibrations of — CH; and
— CH, groups. The absorption band at approximately 1580
cm™ is assigned to the bending vibration of the N—H group in
NH,. The band from 1170 cm™" to 1030 cm™" corresponds to
the combined peaks of the — C—O-— group stretching
vibrations.””

In comparison to the spectrum of CS powder, the band at
2920 cm™' for RCS beads is relatively stronger, while the NH,
bending band at 1580 cm™" is weakened. These results suggest
that glutaraldehyde reacted with the amino groups on
chitosan.”® Compared to the spectra of RCS beads, the band

from 1170 cm™" to 1030 cm™" for ECH—CS beads is stronger,
indicating that RCS beads reacted with ECH. In the spectrum of
HDA-CS beads, the peak at 1580 cm™ is stronger than that of
ECH~—CS beads, suggesting that HDA reacted with ECH—CS
beads, resulting in an abundance of -NH, groups. The FTIR
spectrum of Zn**-HDA-CS beads shows a decrease in the
intensity of the N—H peak at 1560 cm™’, indicating the
formation of a complex band involving N—Zn*". All these
changes demonstrate the successful preparation of Zn*"-HDA-
CS beads.

3.6. Effect of Adsorption Time on Adsorption Capacity
and Percentage. Figure 6A illustrates the adsorption
percentage for testosterone at various adsorption intervals. At
90 min, the adsorbent achieved optimal conditions in plasma,
with an adsorption percentage of approximately 35% and an
adsorption capacity of 0.0128 nmol-g~" for testosterone.

3.7. Effect of Albumin, SHBG, and Leaked Zn** on
Adsorption Percentage for Testosterone. Although the
adsorption percentage for testosterone generally increased, it
exhibited fluctuations over time. Consequently, the concen-
trations of Zn?*, albumin and SHBG in plasma were
simultaneously measured during the adsorption of testosterone.
The results are presented in Figure 6B. From 15 to 120 min, the
changes in adsorption percentage for testosterone and the
content of SHBG appeared to be inversely related, while the
changes in adsorption percentage for testosterone and the
content of albumin showed a similar trend. The concentration of
Zn** also varied over time. Based on these observations, the
following adsorption process can be inferred: Initially, albumin
was absorbed by Zn**-HDA-CS beads, reaching an equilibrium
value at 15 min. Subsequently, some albumins bound to Zn>" on
Zn**-HDA-CS beads were replaced by testosterone-bound
SHBG.

However, from 30 to 45 min, the leakage of Zn** increased,
leading to a decrease in the adsorption percentage for
testosterone. From 45 to 90 min, the leakage of Zn** slowed,
and the adsorption percentage for testosterone reached its peak
at 90 min. Ultimately, the adsorption percentage for
testosterone began to decline as Zn*" leakage increased.

The adsorption of testosterone in plasma is a complex process.
During this process, SHBG and albumin in plasma interacted
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Figure 6. (A)Effect of adsorption time on the adsorption percentage for testosterone (n = 3); (B) Effect of leaked Zn**, albumin, and SHBG on
adsorption percentage for testosterone through Zn**-HDA-CS beads (1 = 3). SHBG, Albumin and Zn*" in Figure 6B represent the concentrations of

SHBG, albumin and Zn*" in plasma during the adsorption of testosterone.
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with Zn®* on the adsorbent. Specifically, the Zn® on the

adsorbent form coordinate bonds with the Zn2+—binding sites
located in the amino-terminal G domain of SHBG (Figure 1).
This interaction facilitates the adsorption of testosterone-bound
SHBG complexes from plasma, thereby achieving selective
removal of testosterone. Although the ratio of leaked Zn** to the
total loaded Zn** on Zn**-HDA-CS beads was below 0.5% at 90
min, the leakage of Zn®' still affected the adsorption of
testosterone. Formulating the adsorbent into a composite
metal—organic framework could potentially enhance the
stability of Zn** on the adsorbent and reduce Zn*" leakage.”"

3.8. Effect of the Adsorbent on Total Protein Content
in Plasma. The total protein concentrations in plasma before
and after adsorption were 68.48 + 3.04 g-L_1 and 65.69 +2.31 ¢
L™ (n = 3, adsorption time is 90 min), respectively. The
adsorption percentage for total proteins was 2.79%. The change
in adsorption percentage was less than 5% before and after the
adsorption of testosterone, suggesting that Zn**-HDA-CS beads
exhibited good adsorption selectivity.””

3.9. Storage Stability. Wet-state Zn**-HDA-CS beads were
sealed and stored at 4 °C in a refrigerator. The initial adsorption
percentage of the adsorbent was 28.17 + 2.63% (n = 3). After 1
month, the adsorption percentage was 27.82 + 3.23% (n = 3).
Compared to the initial adsorption percentage, no significant
decrease was observed (p = 0.921). This demonstrates that
Zn**-HDA-CS beads are stable and retain their adsorption
percentage for testosterone after 1 month of storage. It was
crucial to maintain the Zn**-HDA-CS beads in wet state. When
stored in water, Zn** not only leaks from the Zn**-HDA-CS
beads but also causes the beads to swell. In contrast, when Zn**-
HDA-CS beads are in a dry state, Zn** crystallizes, blocking the
channels of the beads [Figure 4C,D].

4. CONCLUSIONS

In this study, we prepared Zn**-HDA-CS beads as an adsorbent
for the removal of human testosterone in plasma. The adsorbent
demonstrated a significant adsorption capacity for testosterone,
with the highest adsorption percentage observed at 90 min,
approximately 35%. The adsorption of testosterone is attributed
to the competition between T-bound SHBG and albumin for
Zn*" binding sites on the beads. Additionally, the adsorbent
exhibited excellent storage stability and selectivity, making it a
potential candidate for the adsorption of human testosterone in
plasma.
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