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Abstract: Heparin, usually isolated from porcine intestinal mucosa, is an active pharmaceutical
ingredient of great material value. Traditionally, diverse types of commercial resins were employed
as an adsorbent for heparin retrieval from biological samples. However, more recent years have
encouraged the advent of new cost-effective adsorbents to achieve enhanced heparin retrieval.
Inexpensive cationic ammonium-functionalized silica gels, monodispersed with larger surface area,
porosity, and higher thermal stability, were chosen to evaluate the heparin recovery yield from
porcine intestinal mucosa. We demonstrated that higher positively charged and less bulky quaternary
modified silica gel (e.g., QDASi) could adsorb ~28% (14.7 mg g−1) heparin from the real samples.
In addition, we also determined suitable surface conditions for the heparin molecule adsorption by
mechanistic studies and optimized different variables, such as pH, temperature, etc., to improve
the heparin adsorption. This is going to be the first reported study on the usage of quaternary
amine-functionalized silica gel for HEP uptake.

Keywords: heparin; amine-functionalized silica gel; cationic silica gel; quaternary ammonium-
functionalized silica gel; adsorption; quaternary ammonium salt; kinetic; thermodynamic

1. Introduction

Heparin (HEP) is an anticoagulant and antithrombotic agent with many pharmaceu-
tical applications, including the treatment of acute coronary syndrome, atrial fibrillation,
pulmonary embolism, and arterial thrombosis [1,2]. In addition, the antiangiogenesis,
antimetastasis, and antitumor cell proliferation properties of HEP make it an extremely
valuable commercial biomolecule. HEP inhibits cancer cell growth and delays the onset of
Alzheimer’s disease symptoms and is applied as a soothing and anti-viral agent [3–7]. HEP
(Scheme 1) is a polysaccharide-glycosaminoglycan that is structurally linear with varying
lengths from 2000 to 40,000 kDa and is rich in sulfur [8].
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cationic quaternary ammonium salts by using various simple and environment-friendly 
processes [24,25]. For their exhibition of adaptability in functionalization, strong chemical 
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In this article, we report a simple, inexpensive, and quantitative method to synthesize 
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sults demonstrate that the higher positively charged and less bulky adsorbent surfaces 
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measurements from sheep’s plasma. This comparison exhibits a commanding promise for 
quaternary ammonium-functionalized silica gel in the HEP uptake industry. 
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HEP is typically extracted from the intestinal mucosa of pigs, even though there exist
other such viable sources [9]. It is isolated through multi-step adsorption–desorption cycles
after the digestion process, which depend on the adsorbent surface properties, porosity, as
well as its thermodynamic and chemical stability, in order to extract the maximum possible
HEP as the outcome [1,10–12]. However, the amount of recovery is very low and often
requires multiple purifications to selectively separate HEP from other components, such as
proteins, nucleic acids, etc., found in the digestion mixture, thus making the entire process
laborious and unsustainable [13,14]. To date, researchers have designed and commercially
employed diverse resin bead adsorbents, such as Amberlites [10], Dowex [12], Lewatit [15],
and DEAE [16], to recover HEP after digestion of the animal body organs/tissues. Despite
their advantages, low selectivity toward the recovery of HEP and costly manufacturing
processes are the biggest challenges. Up to now, in our group, we have suggested and stud-
ied the application of several adsorbents such as ZIF-8, cross-linked spherical polycationic
bead, and amine-functionalized carbon/titanium dioxide nanotube arrays on titanium foil
for uptake of HEP [17–19]. These series of studies have demonstrated that having appro-
priate surface functionality is extremely helpful in increasing the adsorption efficiency of
the sorbents.

Several methods for selective HEP purification through the ion-exchange technique
have been reported [20]. Many of these techniques utilized primary amine or quater-
nary ammonium groups to make insoluble complexes selectively with HEP in the diges-
tion mixture through electrostatic interactions between these positively charged coatings
onto the surface of the adsorbent and negatively charged −COO−/SO4

2− groups of the
HEP [2,21–23]. As a non-toxic and earth-abundant material, a series of amine-functionalized
silica gels are commercially available at a low cost. These materials can be functionalized
into cationic quaternary ammonium salts by using various simple and environment-friendly
processes [24,25]. For their exhibition of adaptability in functionalization, strong chemical
and thermal stability, large surface area, porosity, and monodispersity, amine-functionalized
silica-gels are applied in activities such as adsorption of dyes and removal of heavy metals
contaminants from the natural aquatic system [26–28].

In this article, we report a simple, inexpensive, and quantitative method to synthesize
various cationic quaternary amine-functionalized silica gels (Scheme 2) and the retrieval of
HEP from the porcine intestinal mucosa using those materials. This is going to be the first
reported HEP recovery study using quaternary amine-functionalized silica gel. Results
demonstrate that the higher positively charged and less bulky adsorbent surfaces (e.g.,
QDASi) are ideal for a higher HEP recovery. We further investigated the influence of
variables such as pH, concentration of heparin, time, and adsorption process temperature
to optimize HEP yield percentage. Our results show that the QDASi is reusable by simple
brine wash and is stable in HEP recovery post fifth cycle. In order to compare QDASi’s
anticoagulant efficacy against commercial Amberlite FPA98 Cl, we utilized measurements
from sheep’s plasma. This comparison exhibits a commanding promise for quaternary
ammonium-functionalized silica gel in the HEP uptake industry.
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Scheme 2. Structures of various amine-functionalized silica gel adsorbents.

2. Results and Discussion
2.1. Synthesis and Characterization of Quaternary Ammonium-Functionalized Silica Gel

Quaternary ammonium salts of MASi, DASi, and TASi were prepared by treating with
excess methyl iodide, and the final products were characterized by IR spectra. Here, we
report IR spectra of amine-functionalized silica gels and corresponding quaternary salts
(Figure 1). The peaks at 787, 1043, and 1221 cm−1 represent δ Si-O-Si, Si-O-Si stretching, and
Si-CH stretching, respectively. The peak at 1362 cm−1 corresponds to the bending of C-H
(alkane). Quaternary salts contain additional asymmetric and symmetric C-H stretching
peaks over amine-functionalized silica, which are located between 2926–2742 cm−1. N-H
stretching peaks, for example, at 3509 cm−1 in DASi, are absent in QDASi due to the methyl
quaternization of amine [29–32].
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2.2. Heparin Adsorption Studies

Recovering HEP from the porcine mucosa containing various other biomolecules and
enzymes requires optimal parameters, including pH, contact time, dosage, and temperature
to adsorb HEP on an adsorbent in harsh conditions and the desorption of the pre-adsorbed
molecules to obtain pure heparin. To understand the adsorption mechanism and its com-
mercial practicality, the adsorbent’s reusability was investigated along with kinetic and
thermodynamic analysis. We performed the experiments in triplicate and evaluated the
best-performing adsorbent based on the affinity toward the heparin in a pure heparin
solution. For this reason, a high-concentration aqueous solution (1000 mg L−1) of the
heparin was prepared, and 0.5 g of each quaternary ammonium-functionalized silica gel
was mixed to solution, and the mixtures were stirred for 5 h at 55 ◦C in an incubator. The
methylene blue method was utilized to calculate the adsorbed HEP [24,33]. Results (Table 1)
demonstrate that the QDASi can adsorb more than three-fold of the HEP compared to
QMASi in an aqueous solution. It also adsorbed 1.5-fold more HEP compared to QTASi.
Although QTASi has the maximum positive charge density, its increased hydrophobicity
and steric hindrance led to a lower HEP adsorption. Therefore, QDASi was chosen to
investigate further HEP adsorption in the real samples obtained from the porcine intestinal
mucosa. Additionally, HEP adsorption on the QDASi surface was confirmed by FTIR
analysis (Figure 2). FTIR spectra of store-bought sodium heparin salt and QDASi were com-
pared, and the C=O stretching band at 1712 cm−1 in QDASi-Heparin conjugate confirms
the adsorption of the HEP on the QDASi surface [31,32,34].

Table 1. Adsorption efficiencies and capacities of amine-functionalized silica-gel and their quaternary
salts on pure HEP standard solution.

Material Adsorption Efficiency (%) Adsorption Capacity (mg g−1)

Silica-gel <5 <3

MASi <5 <3

DASi <5 <3

TASi <5 <3

QMASi 18 9.5

QDASi 59 31

QTASi 38 20
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NMR studies were conducted to analyze the HEP eluted and isolated from QDASi
and compare it with commercial HEP. Methyl peaks in the N-acetyl glucosamine region
(GlcNAc) of both isolated and commercial HEP [33] were located at 2.09 ppm and 2.08 ppm,
respectively (Figure 3). This signifies effective adsorption of HEP by QDASi material. An
additional peak was observed at 2.25 ppm in the HEP sample isolated from QDASi due to
the presence of negatively charged darmatan sulfate [33]. Hence, crude HEP eluted from
QADASi needs further purification for any pharmaceutical usage.
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eluted and separated from QDASi.

2.2.1. Effect of pH

The adsorption efficiency is greatly influenced by the pH of the medium. Thus, the
rate of the adsorption of HEP on QDASi was boosted through pH modulation of the real
biological sample solution between 3 and 11. Results (Figure 4a) indicate that the HEP
adsorption increases with an increasing range of 3 to 8 in pH. The highest adsorption
with 28% efficiency and 14.7 mg g−1 capacity was observed at pH = 8 and then slightly
decreased under more harsh alkaline conditions. Increasing the pH slightly deprotonates
the HEP, which results in more negative charges and subsequently makes it more available
for the active, positive sites of the QDASi. pH = 8 was considered the most optimized as
QDASi neutralizes at higher pH, leading to a decrease in the absorption.

2.2.2. Effect of the Adsorption Dosage

In this research, we investigated the effects of the QDASi adsorbent dosage on HEP
uptake by altering the QDASi amounts from 100 to 1000 mg. Results (Figure 4b) indicate
that with an increase in the QDASi dosage by up to 200 mg, adsorption capacity increased
to 25 mg g−1. The adsorption efficiency reached a maximum of 28% at 400 mg dosage.
A further increase in adsorbent dosage resulted in a capacity decrease, but the rate of
adsorption remained steady. Initially, the adsorption increased due to the larger surface
area with more active sites on the QDASi adsorbents. However, the adsorption capacity
decreased at higher dosages. This observation occurred because of the inferring of addi-
tional components present in the mucosa sample, such as dermatan and chondroitin sulfate,
which compete with the HEP and prevent it from bonding with the surface. Furthermore,
a decrease in capacity was observed (25 to 7 mg g−1) due to the mass (m) increase in
Equation (8).
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Figure 4. (a) Effect of pH (conditions: 20 mL of 1315 mg L−1 mucosa sample, 0.5 g of QDASi,
temperature 55 ◦C, and 240 min of contact time); (b) adsorbent dosage (conditions: 25 mL of
1315 mg L−1 mucosa sample at pH = 8, temperature 55 ◦C, and 240 min of contact time); (c) contact
time (conditions: 25 mL of 1315 mg L−1 real sample at pH = 8, 0.5 g of QDASi, and temperature
55 ◦C); and (d) temperature (conditions: 25 mL of 1315 mg L−1 real sample at pH = 8, 0.5 g of QDASi,
and 300 min of contact time) of the adsorption efficiency of heparin over QDASi.

2.2.3. Adsorption Time and Temperature Effects

The adsorption of HEP on QDASi surfaces increases with time as the negatively
charged HEP diffuses from the solution to bond on the QDASi surfaces. The results shown
in Figure 4c indicate that following the increased contact time of 240 min, the adsorption
efficiency (28%) as well as capacity (14.7 mg g−1) increased. However, the adsorption was
almost stable afterward, which reveals that the QDASi is saturated under experimental
conditions. Meanwhile, the solution temperature plays a vital role in the adsorption affinity.
A series of experiments were performed by only varying the temperature parameter
between 25 ◦C and 75 ◦C. Results (Figure 4d) demonstrate that when the temperature rises
to 60 ◦C, the adsorption efficiency and capacity were maximized at 28% and 14.7 mg g−1,
respectively. Solution viscosity was reduced at higher temperatures. Thus, the HEP
can move faster in the solution facilitating stronger interactions with the QDASi surface.
The slight reduction post 65 ◦C can be attributed to HEP molecule decomposition at
higher temperatures.

2.2.4. Kinetic and Thermodynamic Studies

A series of kinetic models have been used to model the adsorption phenomena of
QDASi and its associated mechanisms. These include pseudo-first-order kinetic models,
pseudo-second-order kinetic models, intraparticle diffusion models, and Elovich models
(Figure 5 and Table 2).
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Figure 5. Study of the kinetics of heparin adsorption over QDASi using the pseudo-first-order (a);
pseudo-second-order (b); intraparticle diffusion (c); and Elovich (d) methods.

Table 2. Parameters calculated from different kinetic study models of heparin adsorption on QDASi.

Model Parameter Value

Pseudo-first-order
K1 0.0186

qe (cal) 236.065
R2 0.9379

Pseudo-second-order
K2 9.326 × E−5

qe (cal) 235.312
R2 0.9954

Intraparticle Diffusion
Kdi f f 9.637

C 34.190
R2 0.9221

Elovich
β 0.0220
α 1.333

R2 0.9756

qe (exp) 210.526

Equations (1)–(4) correspond to each linearized equation of each model. Based on
the assumption that the number of unoccupied sites is proportional to the number of
occupied sites, the pseudo-first-order model (Equation (1)) can be constructed [35]. Using
Equation (1), the slope and intercept of a linear plot of log (qe − qt) versus t can be derived
from the value of K1 (min−1) and qe, respectively, where qe (mg g−1) and qt (mg g−1)
represent the adsorbed HEP at equilibrium and at any given time, respectively.

log (qe − qt) = log qe −
K1

2.303
× t (1)

Using the pseudo-second-order kinetic model, it is assumed that the rate of adsorption
is not determined by the adsorption of heparin but by the adsorption capacity of QDASi.
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Both the rate constant of the second-order equation, K2 (g mg−1 min−1), and the adsorption
capacity, qe (mg g−1), are determined by calculating the slope and intercept of the plot t/qt
versus t [36–38].

t
qt

=
1

K2 × qe2 +
t
qe

(2)

For the intraparticle diffusion model, mass transport is considered the limiting step.
Using the model (Equation (3)), the rate constant of (Kdi f f , (mg g−1 min−1)) and the
boundary thickness (C) are determined by plotting qt versus t1/2 [39].

qt = Kdi f f × t1/2 + C (3)

Based on Elovich’s kinetic model (Equation (4)), heterogeneous active sites are present
on the sorbent, each with a varying energetic value throughout the adsorption process. With
this model (Equation (4)), the Elovich constants (α and β) are determined by calculating the
slope and intercept of the plot of qt versus ln(t) [40].

qt =
1

β ln (αβ)
+

1
β ln (t)

(4)

Figure 5 and Table 2, which demonstrate the results of this experiment, indicate that
the pseudo-second-order kinetic model best describes the adsorption of HEP onto QDASI
(higher R2 and similarity of the qe theoretical and experimental). The rate-limiting step,
which involves chemical adsorption, is thus the surface adsorption step. This means that
HEP concentration does not affect the adsorption capacity of QDASi. The Elovich model
also provides a satisfactory fit, which supports the HEP adsorption on QDASi, by assuming
an exponential decrease in solute adsorption with an increase in its amount.

A thermodynamic analysis of HEP adsorption on QDASi has been conducted using
Equations (5) and (6). A plot of lnKc versus 1/T, and ln(1 − θ) versus 1/T (Figure 6), were
used to determine the changes in entropy (∆S), enthalpy (∆H), Gibbs free energy (∆G,
calculated from ∆G = ∆H − T∆S), and activation energy (Ea) associated with the adsorption
of HEP on QDASi (Table 3) [41–43].
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Table 3. Calculated thermodynamic parameters for the heparin adsorption onto QDASi.

∆H◦

(J/mol K)
∆S◦

(KJ/mol)
Ea

(KJ/mol)
Temperature (K)

298.15 303.15 318.15 328.15 333.15 338.15 343.15 348.15

3.59 31.41 3.29
∆G◦ (KJ/mol)

−9.362 −9.519 −9.990 −10.305 −10.462 −10.619 −10.776 −10.933
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R = 8.314 J mol−1 K−1, T = Temperature (K).

ln Kc =
∆S
R
− ∆H

RT
(5)

ln(1− θ) = ln S∗ +
Ea

RT
(6)

It is evident from the positive values of ∆H and ∆S that the adsorption process is
endothermic and that the HEP molecules have a high affinity for QDASi’s surface. Ea’s
positive value further emphatically supports the endothermic nature of the adsorption
process, while ∆G’s negative value indicates its feasibility and spontaneity [41].

2.2.5. Sorbet Reusability

QDASi has shown great performance for heparin affinity in biological samples with
~28% adsorption efficiency and 14.7 mg g−1 capacity under the optimized process con-
ditions. We reused QDASi through five adsorption–desorption cycles following a harsh
regeneration condition to evaluate the industrial viability of the material. QDASi regener-
ation involves washing it for 3 h with brine solution at 55 ◦C followed by Milli-Q water
treatment. The regeneration process was applied for all five cycles [44]. Results (Figure 7)
indicate that QDASi material is an efficient adsorbent with high stability and reusability
through harsh regeneration conditions and five adsorption–desorption cycles.
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2.2.6. Sheep Plasma Clotting Assay

To determine the purity of HEP obtained by using QDASi, we performed a sheep
plasma clotting test under optimized conditions to measure the anticoagulant potency,
along with an analysis of HEP obtained using amberlite FPA98 Cl resin in accordance with
the previously published method [24]. Results demonstrate that the potency of heparin
eluted from QDASi (46 ± 1.8 U per g of mucosa) is very similar in performance to that
eluted from commercial amberlite FPA98 Cl resin (50 ± 2.4 U per g of mucosa).

2.2.7. Molecular Weight of the Extracted Heparin

The molecular weight of the extracted heparin from real samples was determined relative
to the intrinsic viscosity using the Mark–Houwink–Sakurada equation (Equations (9)–(11)),
where Mark-Houwink parameters K and α for heparin in water at 40 ◦C have been reported
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to be 3.16 × 10−5 and 0.88, respectively [45]. The weight and viscosity average molecular
masses, Mw and Mv, are considered equal in dilute solutions; therefore, Mw was calculated
from the same formula [46]. Heparin solutions with different concentrations from 0.05 to
0.3 g/mL in water were prepared, and the relative intrinsic viscosity, ηrel was measured
according to Equation (9). Using the plot of Lnηrel/C versus C, the intrinsic viscosity of
polymer was 0.166 dL/g (16.587 mL/g), and the molecular weight was calculated to be
16,895 g/mol using the Mark–Houwink–Sakurada equation (Equation (11)). This value is
close to the molecular weight of commercial heparin, which is around 15,500 g/mol.

3. Experimental

3-Aminopropyl-functionalized silica gel (MASI), 3-(Ethylenediamino)propyl-functionalized
silica gel (DASI), and 3-(Diethylenetriamino)propyl-functionalized silica gel (TASI) were
purchased from Sigma-Aldrich (Waltham, MA, USA). Heparin sodium salt (analytical
grade), sheep plasma, hydrochloric acid (37%), calcium chloride, methanol (analytical
grade), sodium hydroxide, and ethanol were purchased from VWR, US. Methyl iodide was
purchased from Fisher Scientific (Waltham, MA, USA). Milli-Q water was used for sample
solution preparation and the adsorption experiments. Intestinal mucosa from pork contain-
ing ∼1300 mg L−1 of HEP was purchased from the local market. The subtilisin enzyme
was purchased from STERM company (Bellevue, WA, USA). Dow Chemical (Midland, MI,
USA) sourced commercial Amberlite FPA98 Cl resin. MyBioSource (San Diego, CA, USA)
supplied the Heparin ELISA kits. All chemicals were used as received.

The HEP concentration measurement was performed with SPECTROstar nano mi-
croplate reader (BMG LABTECH, Ortenberg, Germany) in both pure as well as real samples.
Characterizations of the amine-functionalized silica-gels and heparin sodium salt were con-
ducted by the Shimadzu (Kyoto, Japan) IRAffi FT-IR instrument. Functionalized silica-gels
were placed in vacuum oven before and after HEP adsorption at 60 ◦C and 25 ◦C, respec-
tively, to remove any residual solvents and moisture. The materials were then transformed
into uniform powders using mortar and pestle to carry out IR experiments.

3.1. Synthesis (Methyl Iodide Treatment of Different Amine-Functionalized Silica)

Three methyl iodide amounts (1.0, 1.5, and 2.0 mL) were added separately to the aque-
ous solutions (12.5 mL) of MASi, DASi, and TASi (1 g each), respectively, at pH ~6.0 [24].
An excess methyl iodide was used for the synthesis. The reaction mixtures were filtered
after a 4-h stirring at room temperature. The residues were washed with ethanol, dried
under reduced pressure, and characterized by FTIR. QMASi, QDASi, QTASi (1.26, 1.43,
and 1.51 g, respectively) were isolated as powders and stored in refrigerator under inert
conditions and consumed during various adsorption studies.

3.2. Heparin Adsorption and Intrinsic Viscosity Experiments

A stock solution of HEP (1000 ppm) was prepared in Milli-Q water. The plasma
of sheep and ELISA heparin kits helped evaluate the efficiency and capacity of HEP
adsorption (via Equations (7) and (8)) in porcine intestinal mucosa. The details of this
process are present in a prior publication [33]. The mucosa was diluted with water, and
sodium chloride was added. The pH of the mixture was adjusted to 8.0 with 8 wt% sodium
hydroxide solution. The mixture was then heated at 40 ◦C, and the protease enzyme was
added while stirring the mucosa. The temperature was increased to 55 ◦C and held for 3 h
to complete the digestion process. The enzyme was deactivated by heating the mixture at
85 ◦C for 30 min, and cold water (4 ◦C) was added. The mixture was filtered to remove
any remaining large particles. QDASi (soaked in Milli-Q water) was added to this digested
mucosa, and the mixture was stirred for 12 h at 55 ◦C. The mixture was then filtered using
a Nylon cloth (60 mesh), and the recovered QDASi-Heparin complex was washed with
water and sodium chloride solution (5.0 wt%) for 30 min at 50 ◦C to remove the unbound
impurities. The complex was filtered again, and the heparin was desorbed by three steps
of washing with brine at 50 ◦C for 3, 1, and 1 h, followed by collecting the filtrate at each
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washing step. The filtrates were combined, and the eluted heparin was precipitated by
the addition of ethanol, followed by centrifugation. The resulting heparin was dried in
a vacuum oven at 65 ◦C. All the measurements were completed using the same batch of
mucosa sample.

Adsorption e f f iciency (%) =
(C0 − Ce)

C0
× 100 (7)

Adsorption capacity (qe) =
(C0 − Ce)

m
×V (8)

where C0 and Ce (mg L−1) are the initial and equilibrium heparin concentrations (measured
with the ELISA kit), V (L) is the volume of the mucosa solution used for heparin adsorption,
and m is the mass of the adsorbent used (g).

The intrinsic viscosity of the heparin was measured in dilute DI water solution at
40 ◦C using a minivisc 3000 series (Spectro Scientific, Chelmsford, MA, USA) by measuring
relative viscosity from Equation (9) using kinematic viscosities, implementing the Krae-
mer equation (Equation (10)) and plotting Lnηrel/C versus concentration (C); the intrinsic
viscosity and molecular weight were calculated using Mark–Houwink–Sakurada equation
(Equation (11)).

ηrel = ηsample/ηDI water (9)

Lnηrel
C

= [η]− K′[η]2C (10)

[η] = K·Mα
w (11)

4. Conclusions

In this research, we investigate heparin recovery by quaternary ammonium-functionalized
silica gel. To the best of our knowledge, this is the first example of heparin recovery by
positively charged silica gel. We have synthesized a series of quaternary ammonium-
functionalized silica gel and shown that QDASi is a better candidate for heparin recovery
with up to 28% of adsorption from the real sample. High charge density, reduced hy-
drophobicity, and steric crowding around the active sites of QDASi can be attributed to
such results. The mechanistic adsorption study demonstrates that the adsorption process
obeys the pseudo-second-order kinetic model and is thermodynamically endothermic and
feasible. Further investigation on optimal heparin adsorption was conducted by varying
parameters such as temperature, pH, and dosage. We also measured the molecular weight
of the heparin, which was close to commercial heparin.

Author Contributions: M.K.A.: supervision, conceptualization, methodology, validation, investi-
gation, data curation, visualization, writing—original draft, writing—review and editing, funding
acquisition. A.D.: data analysis, writing—original draft, writing—review and editing, visualization,
validation. D.P.K.: methodology, synthesis, investigation, data curation. A.S.: writing—review and
editing, visualization, investigation. C.A.V.: writing—review and editing, visualization, investigation.
K.D.: writing—review and editing, visualization, investigation. S.M.D.: writing—review and editing,
validation, investigation. S.C.A.: writing—review and editing, visualization, investigation. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Welch BS-0051 and Texas A&M International University-
University Research Grant (URG).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The graphic abstract was created with BioRender.com (accessed on 22
September 2022).

BioRender.com


Bioengineering 2022, 9, 606 12 of 13

Acknowledgments: The authors would like to thank the Texas A&M International University, De-
partment of Biology and Chemistry, for their generous support. The authors also would like to thank
the Texas A&M International University Research Grant office for their generous support and Ganesh
Banerjee for reviewing and revising the manuscript.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

Abbreviations

HEP Heparin
MASi 3-Aminopropyl-functionalized silica gel
DASi 3-(Ethylenediamino)propyl-functionalized silica gel
TASi 3-(Diethylenetriamino)propyl-functionalized silica gel
QMASi Quaternarized MASi
QDASi Quaternarized DASi
QTASi Quaternarized TASi

References
1. Lee, M.S.; Kong, J. Heparin: Physiology, pharmacology, and clinical application. Rev. Cardiovasc. Med. 2015, 16, 189–199.

[CrossRef]
2. Orihara, K.; Hikichi, A.; Arita, T.; Muguruma, H.; Yoshimi, Y. Heparin molecularly imprinted polymer thin film on gold electrode

byplasma-induced graft polymerization for label-free biosensor. J. Pharm. Biomed. Anal. 2018, 151, 324–330. [CrossRef]
3. Rodriguez-Torres, M.D.P.; Acosta-Torres, L.S.; Diaz-Torres, L.A. Heparin-Based Nanoparticles: An Overview of Their Applications.

J. Nanomater. 2018, 2018, 9780489. [CrossRef]
4. Scott, L.J.; Perry, C.M. Tramadol: A Review of Its Use in Perioperative Pain; Adis International Ltd.: Auckland, New Zealand, 2000;

Volume 60.
5. Turpie, A.G.G.; Hirsh, J. Heparin. Nova Scotia Med. Bull. 1979, 58, 25–29. [CrossRef]
6. Dinda, A.K.; Tripathy, D.R.; Das, A.; Dasgupta, S. Comparison of the ribonucleolytic activity of the dityrosine cross-linked

Ribonuclease A dimer with its monomer in the presence of inhibitors. Int. J. Biol. Macromol. 2014, 63, 107–113. [CrossRef]
[PubMed]

7. Urbinati, C.; Milanesi, M.; Lauro, N.; Bertelli, C.; David, G.; D’Ursi, P.; Rusnati, M.; Chiodelli, P. HIV-1 tat and heparan sulfate
proteoglycans orchestrate the setup of in cis and in trans cell-surface interactions functional to lymphocyte trans-endothelial
migration. Molecules 2021, 26, 7488. [CrossRef] [PubMed]

8. Boddohi, S.; Killingsworth, C.E.; Kipper, M.J. Polyelectrolyte multilayer assembly as a function of pH and ionic strength using the
polysaccharides chitosan and heparin. Biomacromolecules 2008, 9, 2021–2028. [CrossRef] [PubMed]

9. Barrowcliffe, T.W. History of heparin. In Heparin—A Century of Progress; Lever, R., Mulloy, B., Page, C.P., Eds.; Springer:
Berlin/Heidelberg, Germany, 2012.

10. Vreeburg, J.-W.; Baauw, A. Method for Preparation of Heparin from Mucosa. International Patent Application No.
WO2010110654A12010, 30 September 2010.

11. Anderson, J.A.M.; Saenko, E.L. Heparin Resistance. Br. J. Anaesth. 2002, 88, 467–469. [CrossRef]
12. Flengsrud, R.; Larsen, M.L.; Odegaard, O.R. Purification, characterization and in vivo studies of salmon heparin. Thromb. Res.

2010, 126, e409–e417. [CrossRef]
13. van der Meer, J.Y.; Kellenbach, E.; van den Bos, L.J. From farm to pharma: An overview of industrial heparin manufacturing

methods. Molecules 2017, 22, 1025. [CrossRef]
14. Haley, R.A.; Ringo, J.M.; Hopgood, H.; Denlinger, K.L.; Das, A.; Waddell, D.C. Graduate Student Designed and Delivered:

An Upper-Level Online Course for Undergraduates in Green Chemistry and Sustainability. J. Chem. Educ. 2018, 95, 560–569.
[CrossRef]

15. Linhardt, R.J.; Ampofo, S.A.; Fareed, J.; Hoppensteadt, D.; Folkman, J.; Mulliken, J.B. Isolation and characterization of human
heparin. Biochemistry 1992, 31, 12441–12445. [CrossRef] [PubMed]

16. Hoke, D.E.; Carson, D.D.; Höök, M. A heparin binding synthetic peptide from human HIP / RPL29 fails to specifically differentiate
between anticoagulantly active and inactive species of heparin. J. Negat. Results BioMedicine 2003, 2, 1. [CrossRef] [PubMed]

17. Abdolmaleki, M.K.; Ganta, D.; Shafiee, A.; Velazquez, C.A.; Khambhati, D.P. Efficient heparin recovery from porcine intestinal
mucosa using zeolite imidazolate framework-8. Molecules 2022, 27, 1670. [CrossRef] [PubMed]

18. Abbaspourrad, A.; Enayatinook, M.; Abdolmaleki, M.K. Synthesis of Cross-Linked Spherical Polycationic Bead Adsorbents for
Heparin Recovery. International Patent Application No. WO2021146301A1, 22 July 2021.

19. Eskandarloo, H.; Enayati, M.; Abdolmaleki, M.K.; Arshadi, M.; Abbaspourrad, A. Selective Electrochemical Capture and Release
of Heparin Based on Amine-Functionalized Carbon/Titanium Dioxide Nanotube Arrays. ACS Appl. Bio Mater. 2019, 2, 2685–2697.
[CrossRef]

http://doi.org/10.3909/ricm0778
http://doi.org/10.1016/j.jpba.2018.01.012
http://doi.org/10.1155/2018/9780489
http://doi.org/10.29309/tpmj/2018.25.03.365
http://doi.org/10.1016/j.ijbiomac.2013.10.033
http://www.ncbi.nlm.nih.gov/pubmed/24184731
http://doi.org/10.3390/molecules26247488
http://www.ncbi.nlm.nih.gov/pubmed/34946571
http://doi.org/10.1021/bm8002573
http://www.ncbi.nlm.nih.gov/pubmed/18564872
http://doi.org/10.1093/bja/88.4.467
http://doi.org/10.1016/j.thromres.2010.07.004
http://doi.org/10.3390/molecules22061025
http://doi.org/10.1021/acs.jchemed.7b00730
http://doi.org/10.1021/bi00164a020
http://www.ncbi.nlm.nih.gov/pubmed/1463730
http://doi.org/10.1186/1477-5751-2-1
http://www.ncbi.nlm.nih.gov/pubmed/12659638
http://doi.org/10.3390/molecules27051670
http://www.ncbi.nlm.nih.gov/pubmed/35268771
http://doi.org/10.1021/acsabm.9b00400


Bioengineering 2022, 9, 606 13 of 13

20. Men, J.Y.; Guo, J.F.; Zhou, W.H.; Dong, N.Y.; Pang, X.L.; Gao, B.J. Preparation of cationic functional polymer poly-
(Acryloxyethyltrimethyl ammonium chloride)/SiO2 and its adsorption characteristics for heparin. Korean J. Chem. Eng. 2017, 34,
1889–1895. [CrossRef]

21. Eskandarloo, H.; Godec, M.; Arshadi, M.; Padilla-Zakour, O.I.; Abbaspourrad, A. Multi-porous quaternized chitosan/polystyrene
microbeads for scalable, efficient heparin recovery. Chem. Eng. J. 2018, 348, 399–408. [CrossRef]

22. Valimaki, S.; Khakalo, A.; Ora, A.; Johansson, L.S.; Rojas, O.J.; Kostiainen, M.A. Effect of PEG-PDMAEMA block copolymer
architecture on polyelectrolyte complex formation with heparin. Biomacromolecules 2016, 17, 2891–2900. [CrossRef] [PubMed]

23. Choi, S.; Clements, D.J.; Pophristic, V.; Ivanov, I.; Vemparala, S.; Bennett, J.S.; Klein, M.L.; Winkler, J.D.; DeGrado, W.E. The design
and evaluation of heparin-binding foldamers. Angew. Chem. Int. Ed. 2005, 44, 6685–6689. [CrossRef]

24. Eskandarloo, H.; Arshadi, M.; Enayati, M.; Abbaspourrad, A. Highly efficient recovery of heparin using a green and low-cost
quaternary ammonium functionalized halloysite nanotube. ACS Sustain. Chem. Eng. 2018, 6, 15349–15360. [CrossRef]

25. Das, A.; Lao, E.A.; Gudmundsdottir, A.D. Photoenolization of O-Methylvalerophenone Ester Derivative. Photochem. Photobiol.
2016, 92, 388–398. [CrossRef] [PubMed]

26. Akl, M.A.A.; Kenawy, I.M.M.; Lasheen, R.R. Organically modified silica gel and flame atomic absorption spectrometry: Em-
ployment for separation and preconcentration of nine trace heavy metals for their determination in natural aqueous systems.
Microchemical 2004, 78, 143–156. [CrossRef]

27. Zhang, Y.; Xia, K.; Liu, X.; Chen, Z.; Du, H.; Zhang, X. Synthesis of cationic-modified silica gel and its adsorption properties for
anionic dyes. J. Taiwan Inst. Chem. Eng. 2019, 102, 1–8. [CrossRef]

28. Weragoda, G.K.; Das, A.; Sarkar, S.K.; Sriyarathne, H.D.M.; Zhang, X.; Ault, B.S.; Gudmundsdottir, A.D. Singlet Photoreactivity of
3-Methyl-2-phenyl-2H-azirine. Aust. J. Chem. 2017, 70, 413.

29. Launer, P.; Arkles, B. Infrared Analysis of Organosilicon Compounds. In Silicon Compounds: Silanes & Silicones, 3rd ed.; Gelest Inc.:
Morrisville, PA, USA, 2013; pp. 175–178.

30. Ullah, H.; Azizli, K.; Man, Z.B.; Ismail, M.B.C. Synthesis and characterization of urea-formaldehyde microcapsules containing
functionalized polydimethylsiloxanes. Procedia Eng. 2016, 148, 168–175. [CrossRef]

31. Sarkar, S.K.; Gatlin, D.M.; Das, A.; Loftin, B.; Krause, J.A.; Abe, M.; Gudmundsdottir, A.D. Laser flash photolysis of nanocrystalline
α-azido-p-methoxy-acetophenone. Org. Biomol. Chem. 2017, 15, 7380–7386. [CrossRef]

32. Capeletti, L.B.; Zimnoch, J.H. Fourier transform infrared and raman characterization of silica-based materials. In Applications of
Molecular Spectroscopy to Current Research in the Chemical and Biological Sciences; InTech: Rijeka, Croatia, 2016; Ch. 1.

33. Enayati, M.; Karimi Abdolmaleki, M.; Abbaspourrad, A. Synthesis of cross-linked spherical polycationic adsorbents for enhanced
heparin recovery. ACS Biomater. Sci. Eng. 2020, 6, 2822–2831. [CrossRef]

34. Pandian, V.; Thangavel, B.; Thirugnanasambandan, S. Low-Molecular weight molluscan glycosaminoglycan from bivalve
katelysia opima (gmelin). Methods Find. Exp. Clin. Pharmacol. 2008, 30, 175–180.

35. Ho, Y.S.; McKay, G. Pseudo-second order model for sorption processes. Process Biochem. 1999, 34, 451–465. [CrossRef]
36. Simonin, J.P. On the comparison of pseudo-first order and pseudo-second order rate laws in the modeling of adsorption kinetics.

Chem. Eng. J. 2016, 300, 254–263. [CrossRef]
37. Robati, D. Pseudo-second-order kinetic equations for modeling adsorption systems for removal of lead ions using multi-walled

carbon nanotube. J. Nanostruct. Chem. 2013, 3, 55. [CrossRef]
38. Azizi, S.; Shahri, M.M.; Mohamad, R. Green synthesis of Zinc oxide nanoparticles for enhanced adsorption of lead ions from

aqueous solutions: Equilibrium, kinetic and thermodynamic studies. Molecules 2017, 22, 831. [CrossRef] [PubMed]
39. Wu, F.-C.; Tseng, R.-L.; Juang, R.-S. Initial behavior of intraparticle diffusion model used in the description of adsorption kinetics.

Chem. Eng. J. 2009, 153, 1–8. [CrossRef]
40. Chien, S.H.; Clayton, W.R. Application of Elovich equation to the kinetics of phosphate release and sorption in soils. Soil Sci. Soc.

Am. J. 1980, 44, 265–268. [CrossRef]
41. Ghaedi, M.; Shokrollahi, A.; Hossainian, H.; Kokhdan, S.N. Comparison of activated carbon and multiwalled carbon nanotubes

for efficient removal of eriochrome cyanine R (ECR): Kinetic, isotherm, and thermodynamic study of the removal process. J. Chem.
Eng. Data 2011, 56, 3227–3235. [CrossRef]

42. Shokrollahi, A.; Alizadeh, A.; Malekhosseini, Z.; Ranjbar, M. Removal of bromocresol green from aqueous solution via adsorption
on Ziziphus nummularia as a new, natural, and low-cost adsorbent: Kinetic and thermodynamic study of removal process.
J. Chem. Eng. Data 2011, 56, 3738–3746. [CrossRef]

43. Ghadim, E.E.; Manouchehri, F.; Soleimani, G.; Hosseini, H.; Kimiagar, S.; Nafisi, S. Adsorption properties of tetracycline onto
graphene oxide: Equilibrium, kinetic and thermodynamic studies. PLoS ONE 2013, 8, e79254. [CrossRef] [PubMed]

44. Arshadi, M.; Eskandarloo, H.; Enayati, M.; Godec, M.; Abbaspourrad, A. Highly water-dispersible and antibacterial magnetic
clay nanotubes functionalized with polyelectrolyte brushes: High adsorption capacity and selectivity toward heparin in batch
and continuous system. Green Chem. 2018, 20, 5491–5508. [CrossRef]

45. Bertini, S.; Bisio, A.; Torri, G.; Bensi, D.; Terbojevich, M. Molecular weight determination of heparin and dermatan sulfate by size
exclusion chromatography with a triple detector array. Biomacromolecules 2005, 6, 168–173. [CrossRef]

46. Davachi, S.M.; Kaffashi, B.; Zamanian, A.; Torabinejad, B.; Ziaeirad, Z. Investigating composite systems based on poly l-lactide
and poly l-lactide/triclosan nanoparticles for tissue engineering and medical applications. Mater. Sci. Eng. C 2016, 58, 294–309.
[CrossRef]

http://doi.org/10.1007/s11814-017-0131-0
http://doi.org/10.1016/j.cej.2018.04.099
http://doi.org/10.1021/acs.biomac.6b00699
http://www.ncbi.nlm.nih.gov/pubmed/27477891
http://doi.org/10.1002/anie.200501279
http://doi.org/10.1021/acssuschemeng.8b03793
http://doi.org/10.1111/php.12590
http://www.ncbi.nlm.nih.gov/pubmed/27061950
http://doi.org/10.1016/j.microc.2004.03.019
http://doi.org/10.1016/j.jtice.2019.05.005
http://doi.org/10.1016/j.proeng.2016.06.519
http://doi.org/10.1039/C7OB01731F
http://doi.org/10.1021/acsbiomaterials.0c00299
http://doi.org/10.1016/S0032-9592(98)00112-5
http://doi.org/10.1016/j.cej.2016.04.079
http://doi.org/10.1186/2193-8865-3-55
http://doi.org/10.3390/molecules22060831
http://www.ncbi.nlm.nih.gov/pubmed/28594362
http://doi.org/10.1016/j.cej.2009.04.042
http://doi.org/10.2136/sssaj1980.03615995004400020013x
http://doi.org/10.1021/je200331u
http://doi.org/10.1021/je200311y
http://doi.org/10.1371/journal.pone.0079254
http://www.ncbi.nlm.nih.gov/pubmed/24302989
http://doi.org/10.1039/C8GC02662A
http://doi.org/10.1021/bm049693s
http://doi.org/10.1016/j.msec.2015.08.026

	Introduction 
	Results and Discussion 
	Synthesis and Characterization of Quaternary Ammonium-Functionalized Silica Gel 
	Heparin Adsorption Studies 
	Effect of pH 
	Effect of the Adsorption Dosage 
	Adsorption Time and Temperature Effects 
	Kinetic and Thermodynamic Studies 
	Sorbet Reusability 
	Sheep Plasma Clotting Assay 
	Molecular Weight of the Extracted Heparin 


	Experimental 
	Synthesis (Methyl Iodide Treatment of Different Amine-Functionalized Silica) 
	Heparin Adsorption and Intrinsic Viscosity Experiments 

	Conclusions 
	References

