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ABSTRACT: This study investigated the impact of bioconjuga-
tion on the partitioning of insulin, a clinically valuable protein, in
an aqueous two-phase system. Gold nanoparticles of different sizes
were synthesized and conjugated with insulin. Analysis of the
conjugated insulin showed that the insulin remains fully active.
Conjugated gold nanoparticles (AuNPs/insulin) were used in
polyethylene glycol (PEG)−dextran aqueous two-phase systems to
investigate the effect of pH, PEG and dextran molecular weights,
PEG and dextran concentrations, AuNPs/insulin dosage, and
nanoparticle size on the partition coefficient. These systems were
chosen for their biocompatibility and low toxicity. Response
surface methodology with D-optimal design was used to model and
optimize these systems and their affected parameters. At the
optimum condition of a pH = 8 system containing 21% PEG 4000, 5% dextran 100,000, and 100 IU AuNPs/insulin, the partition
coefficient of AuNPs/insulin was found to be 192.96, which is in agreement with the empirical partition coefficient of 189.2. This is
significantly higher than the partition coefficient of free insulin in a similar system. This approach could be used to overcome
limitations in the feasibility of aqueous two-phase systems for industrial-scale purification of biomolecules and biopharmaceuticals.

1. INTRODUCTION
Proteins play a significant role in living systems. Therefore,
their isolation, purification, and characterization are of great
importance. Over time, purification methods have been
upgraded and refined through the development of innovative
materials for the enrichment and purification of complex
biomolecules.1 There is significant potential in using an
aqueous two-phase system (ATPS) for the extraction,
recovery, and purification of a wide range of biological
compounds. Compared to other separation methods, ATPS
has the advantages of scalability, process integration,
biocompatibility, and, most importantly, continuous opera-
tion.2,3 ATPS consists of two highly aqueous phases, which are
typically prepared by dissolving immiscible polymers or a
polymer with one or two salts in an aqueous solution.4 The
immiscibility of the two phases allows favorable partitioning
between them to separate and purify different biomolecules.5

There is a direct correlation between the partitioning of
biomolecules, which is quantified by the partition coefficient
(K), and their physicochemical properties. These properties
include isoelectric points, sizes, surface hydrophobicity,
polymer molecular weight, polymer/salt concentrations, pH,
and temperature.2,6,7 The separations’ selectivity in ATPS has
been enhanced under various conditions, which are problem-
atically associated with the need to make structural changes in

ATPSs or to modify biomolecules.2,8 It is therefore becoming
more necessary to find techniques that do not require the
reformulation of system structures or biomolecules. By creating
a mechanism that facilitates the transfer of the biomolecule
between the two phases, biomolecules partitioning enhances in
ATPS.9,10 Nanoparticles fulfill this demand and improve
biomolecule partitioning. The high surface-to-volume ratio of
nanoparticles makes them attractive carriers, which can greatly
enhance extraction performance.11,12 Inorganic nanoparticles,
whose structures exhibit significantly different physical,
chemical, and biological properties and functionalities
compared to their bulk counterparts, have attracted increasing
interest. Especially, concerning noble metal nanoparticles, it
has been found that their properties are strongly influenced by
their shape and size. Nanoparticle−biomolecule conjugation
preserves biomolecule activity and has been widely used in
bioanalytical applications.13 In particular, nanoparticle−protein
conjugates are useful in the emerging field of nanobiotechnol-
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ogy, such as nanomedicine, drug delivery, and biosensors. This
is because the size of nanoparticles is comparable to that of
living cells, allowing them to access and act inside the cell. The
interaction of the two components has been shown to affect
protein surface properties and colloidal stability.14−17

Mohsen Dehnavi et al.13 reported a 7-fold increase in
enzyme partitioning when using silica-enzyme nanoconjugate
carriers in ATPS of polyethylene glycol (PEG) and MgSO4
compared to nonconjugated systems. Afzal Shoushtari et al.9

investigated the ability of Al2O3, TiO2, graphene, and graphene
oxide (GO) nanoparticles to extract cephalexin in ATPSs
containing PEG and three sodium-based organic salts. They
found that the partition coefficient for the optimum (PEG +
sodium citrate + water) system increased by 59% with the
addition of 0.01 wt % GO, while other nanoparticles either had
no effect or decreased the partition coefficient. They also
concluded that the concentration of nanoparticles can alter the
partition coefficient. Nouri et al.14 developed an organic
nanoparticle-based ATPS suitable for a desirable vanillin
separation process and revealed the mechanism of partitioning.
They showed that the modified system enhanced the partition
coefficient of vanillin by 127%. Rahbari et al.10 conducted a
study to evaluate a group of nanoparticles for their ability to
partition nisin in ATPS containing PEG and phosphate-based
salt. The study showed that the presence of nanoparticles
increased the partition factor of nisin 8-fold compared to the
ATPS with no nanoparticles.
Among inorganic nanoparticles, gold nanoparticles (AuNPs)

have proven to be ideal carriers for bioconjugation
applications, as they possess exclusive surface properties,
optical properties, stability, and consistency. They also have
many advantages, such as ease of synthesis, shape control, and
functionalization, which have attracted a wide range of research
and biomedical applications.18,19 Long and Keating20 con-
jugated horseradish peroxidase to colloidal AuNPs by direct
adsorption. They reported for the first time that conjugating
protein with AuNPs resulted in remarkable partitioning of
biomolecules in ATPS relative to free protein. This concept
was employed in some research to achieve better partitioning
and purification, as well as to discover promising nano-
particles.21

Various factors in ATPSs affect the partition and purification
of biomolecules. The governing mechanism of the process
variables’ effects on the partitioning of biomolecules in ATPS is
very complex. These systems are even more complex because
the factors involved are not entirely independent of each other.
Due to this complexity, it is difficult, and even impossible in
some cases, to investigate these effects by complex theoretical
thermodynamic models.5 One option for investigating the
effect of changing parameters and process optimization is to
perform experimental tests. Conventional empirical methods
are often time-consuming and expensive and may not
accurately describe system behavior. Experimental design
methods can overcome the limitations of traditional
optimization methods. Response surface methodology
(RSM) is an experimental design method that models and
analyzes complex processes, resulting in the construction of a
model that includes efficient independent variables and their
interactions under optimal conditions.22

In this study, polymer−polymer ATPS was selected based
on PEG due to its low cost and biocompatibility. To enhance
the sustainability of the extraction process and help mitigate
environmental issues related to salts and solvent usage and

disposal, more sustainable polymer ingredients, i.e., dextran,
are used. Dextran is a biocompatible and biodegradable natural
branched polymer consisting of glucose units connected with
α-1,6 glycosidic linkages, which is a greener alternative to
synthetic polymers and salts.23 PEG and dextran are widely
used together to form ATPS. Both polymers are considered
safe for use in biotechnology.12,20 This study aimed to
investigate the impact of AuNPs on protein partitioning. To
achieve this, insulin was conjugated with AuNPs, and its
partitioning was examined in PEG−dextran ATPS. The human
insulin hormone plays a significant role in regulating
carbohydrate metabolism and blood glucose levels. It also
affects the metabolism of proteins and lipids.24 Insulin is a
protein hormone and cannot be given orally. The only known
way to take exogenous insulin is by intramuscular injection.
Regular insulin injections are a painful experience for patients.
Therefore, an alternative route of insulin delivery is needed. To
provide the physiological effect of insulin, it is believed that
insulin can be delivered in conjugation with AuNPs. These
biological importance of human insulin and its unique
characteristics have led to its selection.
To enhance the partitioning of AuNPs/insulin conjugate

performance, with the minimum number of required experi-
ments, the operating parameters, including pH, PEG and
dextran molecular weights and concentrations, insulin loading
amount, and nanoparticle size, and their interactions that affect
AuNPs/insulin partitioning were studied and optimized using
RSM with a D-optimal design. This technique optimizes
complicated systems by evaluating multiple parameters, either
alone or in combination with response variables.22,25−28

2. EXPERIMENTAL SECTION
2.1. Materials. Human insulin was supplied by Exir

Pharmaceutical Company (Borujerd, Iran). Dextran with
average molecular weights of 6000 and 100,000 Da, sodium
citrate dihydrate, hydrochloric acid, sodium hydroxide,
potassium dihydrogen phosphate, and dipotassium hydrogen
phosphate were supplied by Sigma-Aldrich (München,
Germany). PEG with average weights of 1000, 4000, and
6000 Da and hydrogen tetrachloroaurate (HAuCl4·3H2O)
were attained from Merck (Darmstadt, Germany). All
materials were of analytical grade and used as received. Double
distilled water was used in all experiments.
2.2. Instrumentation and Equipment. The partitioning

of bulk insulin and AuNPs/insulin conjugate was determined
using a Unico-S2100 UV diode-array UV/visible spectrometer.
The AuNPs/insulin conjugates were separated using a
Tuttingen-D78532 centrifuge. Transmission electron micros-
copy (TEM) images of nanoparticles were captured using a
Philips-EM208 instrument. Dynamic light scattering (DLS)
images of nanoparticles and AuNPs/insulin conjugates were
recorded using a Zetasizer (ZEN3600, Malvern Instruments,
UK). The Bomem-MB 104 was used to obtain the Fourier
transform infrared (FTIR) spectroscopy. The concentration of
PEG and dextran in ATPS was measured with a refractometer
(EUROMEX-RD365) and a polarimeter (WZZ-2A).
2.3. Insulin/Gold Nanoparticle Conjugation. AuNPs

with diameters 10, 20, and 30 nm were synthesized according
to Grabar et al.29 with some modifications. Briefly, to
synthesize 10 nm nanoparticles, a solution of 125 mL
HAuCl4·3H2O (0.254 mM) was added to a 250 mL round-
bottom flask and heated to boiling temperature while being
vigorously stirred by a magnet. To maintain the solution
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volume, a balloon was connected to the refrigerant. After
boiling, 12.5 mL of a 40 mM sodium citrate solution was
immediately added to the gold solution. Within a few minutes,
the solution color was changed from yellow to red, indicating
the formation of AuNPs. The solution was boiled for 10 min
and stirred for 15 min. The balloon was then cooled in a water
bath until it reached room temperature. To prepare 20 nm
nanoparticles, 0.01 g of HAuCl4·3H2O was dissolved in 100
mL of distilled water to create a 0.01% (w/v) gold solution.
Next, a 1% (w/v) solution of sodium citrate was added. The
solutions were then equilibrated in a hot water bath at 60 °C
for approximately 20 min. The gold solution obtained was
transferred to a flask connected to a refrigerant. Then, 2 mL of
sodium citrate solution was added to the mixture, stirred
vigorously, and heated until boiling. After 15 min, the solution
turned dark red. The solution was boiled for an additional 5
min after the color change was observed. The heat was then
turned off, and the reaction mixture was stirred for another 15
min. Finally, the flask was placed in a cold water bath to cool
down to room temperature. To synthesize 30 nm nano-
particles, 30 mL of 20 nm AuNPs from the previous step were
added to 100 mL of HAuCl4·3H2O solution with a
concentration of 0.01% (w/v). The resulting mixture was
transferred to a balloon connected to a refrigerant and heated
to boiling temperature. Next, 1 mL of 1% (w/v) sodium citrate
solution was added to the flask. The mixture was stirred
vigorously and boiled for 15 min. The heat was then turned off,
and the mixture was allowed to cool slowly to room
temperature.
A 0.07 mM insulin solution was prepared by adding a

calculated amount of insulin to colloidal Au solutions. The
suspension was incubated for 24 h at 15 °C and then
centrifuged at 30,000g for 30 min. The pellet obtained was
separated from the supernatant and redispersed in a 0.01 M
HCl solution to remove nonconjugated insulin. Figure 1

displays the AuNP solution before and after insulin
conjugation. Insulin-conjugated AuNPs were identified using
UV−vis (Figure S1), TEM (Figure S2), DLS (Figure S3), and
FTIR (Figure S4) techniques, as presented in the Supporting
Information.
2.4. Partitioning. To study the effect of AuNPs on insulin

partitioning, two types of systems were prepared: (1) insulin
systems consisting of dextran, PEG, buffer, and insulin

solution. (2) Insulin/AuNP systems were prepared using
dextran, PEG, buffer, and insulin/AuNP solution. The control
(blank) systems used in this study consisted of dextran, PEG,
and buffer with the same composition as the examined
systems. These control systems were employed to eliminate
the effects of component interference.
The stock insulin solution was prepared by dissolving a

specific amount of insulin powder in a small amount of 0.01 M
HCl until the powder dissolved. The final volume was adjusted
to 50 mL by adding NaOH + NaH2PO4 buffer, pH 7.4.
PEG, dextran, and aqueous buffer solution were introduced

into test tubes in appropriate quantities and agitated
vigorously. The final weight of 4 g was achieved by adding
either AuNPs/insulin solution or insulin solution. The
mixtures were stirred gently to prevent foaming. After
incubation for 24 h at 25 °C, the tubes were centrifuged at
3000g for a few minutes to clarify the interface. After the
separation of the two phases, the insulin concentration was
determined for each phase using a UV/visible spectrometer. If
the phases were too viscous, they were diluted to allow for
insulin analysis. The partition coefficient, K, was calculated as
the insulin concentration at the top phase divided by the
insulin concentration at the bottom phase.
2.5. Experimental Design. The RSM is a significant

branch of experimental design. It combines statistical and
mathematical approaches to improve, develop, and optimize
processes.22 To enhance the precision of the estimated model,
the D-optimal design is commonly used to create second-order
response surface models with quantitative factors. A D-optimal
design is often selected because the concept of minimizing
regression coefficient variance is intuitively appealing.30 It
allows for fewer experimental runs compared to any classical
design available. The D-optimal design is a useful alternative
when classical symmetrical designs are not applicable. This can
happen when the number of experiments chosen by a classical
design is too large, if the experimental region has an irregular
shape, or if other than the usual first or second-order models
are desired.22

MODDE 8.0 from Umetrics (Umea, Sweden) was used to
determine the most appropriate conditions for partitioning
AuNPs/insulin utilizing a D-optimal design for the second-
order response surface model. The selection of levels for
independent variables was based on the primary experiments
run before designing the experiments. Table 1 shows the
experimental range and levels of independent variables
determined from preliminary studies. The experimental design
consisted of a matrix comprising center points, vertical axis

Figure 1. (A) AuNP solution; (B) AuNPs/insulin conjugate solution.

Table 1. Factors and Levels in the Seven-Factor D-Optimal
Response Surface Design to Optimize AuNPs/Insulin
Partitioning

independent variables factor level

low center high

pH X1 5 7 9
PEG molecular weight X2 1000 4000 6000
dextran molecular weight X3 6000 100,000
PEG concentration (wt %) X4 17 19 21
dextran concentration (wt %) X5 5 7 9
nanoparticle size (nm) X6 10 20 30
insulin solution load (I.S.L) (IU/mL) X7 50 100
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points, center edge points, and axial points to obtain a
comprehensive response throughout the matrix.
The correlation between the response and the selected

variables can be expressed by eq 125

Y x x x x i j( )
i

n

i i
i

n

i
i

n

j

n

i j0
1 1

ii
2

1 1
ij= + + + <

= = < =
(1)

where Y, β0, βi, βii, and βij are the partitioning factor, the
constant coefficient (intercept term), the linear coefficients, the
quadratic coefficients, and the interaction coefficients,
respectively. The parameters xi and xj are independent
variables and n is the number of factors.
Significant variables were analyzed using variance analysis

(ANOVA). Fisher’s satirical test (F-test) was used to evaluate
the significance of the proposed model. An F-value represents
the significance of each controlled variable in the model when
it is determined by comparing the mean square of regression
(MSregression) with the residual (MSresidual).

31 The data obtained
for each parameter with the experimental design was fitted to
the second-order model using multiple regression. Interactions
between the independent variables result in the predicted
response. The most appropriate model was selected as the one

with the highest coefficient of multiple determination (R2), the
most significant model p-value (probability of error), and
reasonable agreement between the predicted R2 and the
adjusted R2. A nonsignificant lack of fit p-values should also be
considered.32

3. RESULTS
3.1. Partitioning and Model Analysis. When separating

a compound from a mixture, there are interactions between the
components of the mixture, as well as between the compound
and the phases. Most studies in this field are empirical, and
purification is evaluated by manipulating certain factors. The
traditional approach to optimizing production by changing one
factor at a time is very time-consuming and does not reveal the
interactive effects of independent variables. The design matrix
of the variables and partition coefficients of insulin and
AuNPs/insulin in PEG and dextran ATPSs are presented in
Table 2. A total of 36 experiments were conducted, including 3
center points, 28 model points (vertical axis points, center edge
points, and axial points), and 5 additional experiments to
estimate the lack of fit in the model. Each experiment was run
in triplicate, and the average of the data obtained was used as
the response for each experiment. Standard deviations were

Table 2. Experimental Design for the Partitioning Coefficients of Insulin and AuNPs/Insulin in PEG−Dextran ATPSs

run X1 X2 X3 X4 X5 X6 X7 KAuNPs/insulin Kinsulin
1 5 1000 6,000 17 9 10 50 4.02 ± 0.12 0.32 ± 0.07
2 5 1000 6,000 21 5 10 50 4.61 ± 0.14 0.41 ± 0.09
3 9 1000 6,000 21 9 10 50 24.60 ± 0.74 4.87 ± 0.12
4 9 1000 100,000 17 5 10 50 82.95 ± 0.41 12.88 ± 0.28
5 5 1000 100,000 21 9 10 50 7.87 ± 0.09 0.82 ± 0.11
6 5 6000 6,000 17 5 10 50 2.34 ± 0.06 0.19 ± 0.04
7 5 6000 6,000 21 9 10 50 2.95 ± 0.07 0.23 ± 0.05
8 9 6000 100,000 17 9 10 50 69.02 ± 0.69 9.04 ± 0.23
9 9 6000 100,000 21 5 10 50 78.08 ± 0.71 9.31 ± 0.22
10 5 1000 6,000 21 9 10 100 15.64 ± 0.23 0.51 ± 0.06
11 9 1000 100,000 17 9 10 100 90.61 ± 0.66 17.82 ± 0.37
12 9 1000 100,000 21 5 10 100 95.01 ± 0.89 6.87 ± 0.16
13 5 4000 100,000 17 5 10 100 158.01 ± 0.95 20.43 ± 0.48
14 9 6000 6,000 17 5 10 100 32.88 ± 0.59 0.87 ± 0.27
15 9 6000 6,000 21 9 10 100 50.66 ± 0.71 7.23 ± 0.19
16 5 6000 100,000 21 9 10 100 55.60 ± 0.43 0.76 ± 0.08
17 7 4000 6,000 19 7 20 100 8.46 ± 0.08 7.33 ± 0.17
18 5 1000 6,000 21 9 30 50 3.47 ± 0.09 0.26 ± 0.05
19 9 1000 100,000 17 9 30 50 128.78 ± 0.91 13.30 ± 0.32
20 9 1000 100,000 21 5 30 50 141.47 ± 0.95 14.64 ± 0.35
21 9 4000 6,000 17 5 30 50 52.61 ± 0.88 5.78 ± 0.17
22 9 6000 6,000 21 9 30 50 40.21 ± 0.28 4.22 ± 0.10
23 5 6000 100,000 17 5 30 50 15.32 ± 0.09 0.48 ± 0.02
24 5 6000 100,000 21 9 30 50 5.74 ± 0.05 0.54 ± 0.08
25 5 1000 6,000 17 5 30 100 6.90 ± 0.07 0.45 ± 0.11
26 9 1000 6,000 17 9 30 100 60.67 ± 0.37 6.12 ± 0.14
27 9 1000 6,000 21 5 30 100 55.60 ± 0.49 6.90 ± 0.16
28 5 1000 100,000 17 9 30 100 11.83 ± 0.05 1.15 ± 0.09
29 5 1000 100,000 21 5 30 100 19.13 ± 0.08 1.80 ± 0.14
30 9 4000 100,000 21 9 30 100 151.94 ± 0.89 12.65 ± 0.44
31 5 6000 6,000 17 9 30 100 4.68 ± 0.03 0.41 ± 0.13
32 5 6000 6,000 21 5 30 100 5.34 ± 0.07 0.33 ± 0.05
33 9 6000 100,000 17 5 30 100 144.58 ± 0.92 15.20 ± 0.36
34 7 6000 100,000 19 7 30 100 141.05 ± 0.85 13.52 ± 0.31
35 7 6000 100,000 19 7 30 100 138.21 ± 0.97 12.98 ± 0.24
36 7 6000 100,000 19 7 30 100 139.94 ± 0.95 13.64 ± 0.22
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calculated in each case to confirm the reproducibility of the
experimental data.
The partition coefficients of insulin and AuNPs/insulin

indicate that conjugation with AuNPs enhances insulin
separation in all systems. This is caused by an increase in
the surface area due to insulin surface absorption on the
nanoparticle surface and an increase in the surface charge of
AuNPs. As a result, insulin is highly partitioned in the upper
phase (PEG-rich phase).
Regression analysis was conducted to examine how the

variation in the process independent variables is related to the
variation in the partitioning. The coefficients in the regression
indicate the magnitude of these changes, while the p-values
indicate whether these coefficients are significantly different
from zero. All the direct relationships between independent
variables and response are considered as main effects.
However, sometimes the influence of another variable changes
this relationship between an independent variable and
response; this is called the interaction effect. If statistically
significant interaction effects exist, the main effects cannot be
interpreted without considering the interactions. In a multi-
variable model, all main effects and their interactions should be
included in the first step of the fit. Variables that do not
provide a contribution to the model should be eliminated, and
a new, smaller model should be fitted. The original and
reduced models should then be compared using an F-test to
ensure that the reduced model fits as well as the original
model. If the change in coefficients exceeds 20%, it is
important to consider the impact of the deleted variables on
the remaining variables. In such cases, it is recommended to
add the deleted variables back to the model. A model is
modified by removing and adding variables and refitting it until
all of the removed variables are statistically insignificant and
those remaining in the model are significant. This simplifies the
model and increases the precision of predictions. The criterion
for model reduction is the statistical significance of a term.
Eliminating statistically insignificant terms can improve the
precision of predictions from the model. The statistical
significance criterion aims to find a model that meets our
goals, but it does not always yield the best model. Other
statistical criteria, such as adjusted R2 and predicted R2 (or Q2),
can also be used to reduce a model. Best subsets regression
uses R2 to identify the best models, which may or may not
include only statistically significant terms.5,22

The result of the above model reduction was a modified
quadratic model. This model was used to describe the effects
of the studied variables and their interaction, as shown in eq 2

Y X X X

X X X X X

X X

144.694 35.4413 14.7942 57.1377

35.8359 20.1276 8.94902

8.19322

1 3 1
2

2
2

1 3 3 6

6 7

= + +

+ +

(2)

Table 3 presents the regression coefficients and their
corresponding p-values, which were used to identify significant
parameters. The R2 and adjusted R2 were 0.911 and 0.864,
respectively. R2 measures the reduction in Y variability
achieved by using the regression variables in the model and
ranges from zero to one. A higher R2 indicates a stronger
model with better predictive capabilities. The R2 value
represents the variation in the response due to independent
variables and their interaction. This value indicates that the
model can explain 91.1% of the variability in the response.

Radjust2 can be used to determine the reduction in response
variability by regression variables in the model. In fact, the
addition of unnecessary terms often decreases the value of
Radjust2 .22 In this case, R2 and Radjust2 are close to each other,
suggesting that all the terms used are necessary for
constructing the appropriate model. The Q2 (cross-validation)
was 0.705, indicating the predictive value of endogenous
constructs.
Table 4 presents the ANOVA results for the model. The

model’s adequacy of fit is represented by the F-value of 196

and corresponding p-value of 0.000, which means that the
model was accurate. Additionally, the model lack of fit error
probability is evidenced by a high p-value of 0.324, indicating
that it accurately represents the relationships between
parameters within the selection range.25 Figure 2 shows that
the predicted and experimental partitioning efficiency values
were reasonably comparable, providing evidence for the
validity of the regression model. Table 3 illustrates the
significance of main effects and their interactions on AuNPs/
insulin partitioning. The main effects of pH (X1) and dextran
molecular weight (X3), interactive terms (X1 × X3, X3 × X6,
and X6 × X7), and quadratic model terms (X12, X22) significantly
affected AuNPs/insulin partitioning. Increasing the pH (X1)
and dextran MW (X3) have positive effects on partitioning
coefficients. The quadratic signs of pH (X12) and PEG MW
(X22) are negative, indicating that there is a maximum with
respect to these variables. The positive interaction effects of X1
× X3 and X3 × X6 mean that increasing dextran molecular

Table 3. Model Regression Coefficients and Their
Probability of Error (p-Value) in the Second-Order AuNPs/
Insulin Partitioning Model

real variables
coded
variable coefficient p-value

constant constant 144.694 3.26 × 10−11

pH X1 35.4413 1.06 × 10−9

PEG MW X2 0.685803 0.862805
dextran MW X3 14.7942 0.000364
PEG % X4 4.17472 0.237653
dextran % X5 −1.55903 0.65495
nanoparticle size X6 2.71168 0.441232
insulin solution load (I.S.L) X7 7.26306 0.051573
pH × pH X1 × X1 −57.1377 0.002182
PEG MW × PEG MW X2 × X2 −35.8359 0.004161
pH × dextran MW X1 × X3 20.1276 9.72 × 10−6

dextran MW × nanoparticle
size

X3 × X6 8.94902 0.015989

I.S.L × nanoparticle size X7 × X6 −8.19322 0.030474

Table 4. Analysis of Variance Results for the Modified
Second-Order Model of AuNPs/Insulin Conjugate
Partitioning Coefficient in ATPSa

partitioning
coefficient DF SS MS F P

total 36 215,412 5983.68
regression 12 90,998.2 7583.18 196.00 0.000
residual 23 8,898.64 38.689
lack of fit 20 6,084 304.2 0.949 0.324
pure error 3 2,814 938.216

aDF: degree of freedom, SS: sum of squares, MS: mean of squares, F:
F-factor, P: probability of error, R2 = 0.911, Radj2 = 0.864, Q2 = 0.705.
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weight while simultaneously increasing pH and nanoparticle
size results in an increase in the partition coefficient. The
negative interaction effect of X6 × X7 means that the
partitioning coefficient decreases with a simultaneous rise in
nanoparticle size and AuNPs/insulin load.
3.2. Model Validation. The partitioning coefficient of the

AuNPs/insulin conjugate in PEG−dextran systems was
optimized using MODDE software. The highest partitioning
coefficient value was achieved for a system with a pH of 8, 21%
PEG 4000, 5% dextran 100,000, AuNPs/insulin 100 (IU/mL),
and 30 nm AuNPs, resulting in a partition coefficient of
192.96. An experiment was conducted using the predicted
system to confirm the model’s predicted results. The actual
partition coefficient was found to be 189.2. The experimental
value closely matches the expected value, indicating successful
validation of the model.

4. DISCUSSION
Various analytical tools have been used to determine the
efficiency of protein binding to AuNPs. These methods have
been employed to fully characterize bioconjugated nano-
particle systems and provide varying levels of quantitative
information about the physicochemical state of a given system.
The most effective methods are UV/vis extinction spectra,
DLS, TEM, and FTIR.33 UV−vis spectrum was measured for
conformation of the AuNP formation and insulin-conjugated
AuNPs. The UV−vis spectra of the AuNP solution before and
after insulin conjugation are shown in Figures S1.1 to S1.3.
The spectrum indicates that the surface plasmon resonance
peak (λSPR) increases as the nanoparticle size increases. λSPR
are 519, 522, and 525 nm for the sizes of 10, 20, and 30 nm,
respectively. This adsorption could be attributed to the surface
plasmon vibrations excited in the AuNPs. The addition of
insulin to the nanoparticle solutions causes a shift to higher
wavelengths in the λSPR of the nanoparticles, indicating the
absorption of insulin molecules on the surface of AuNPs.
When insulin is conjugated to AuNPs, the λSPR increases to
531, 532, and 538 nm for 10, 20, and 30 nm nanoparticles,
respectively. The absorption peak related to insulin at λSPR =
275 nm is visible after it is placed on AuNPs, as shown in
Figures S1.1 to S1.3. TEM images of AuNPs and insulin-
conjugated nanoparticles (Figure S2) showed that the overall

arrangement of nanoparticles was unaffected, and thus the
observed band shift after insulin coverage was due to
conjugation of insulin and not nanoparticle aggregation. One
useful method of protein detection used in bioconjugation
systems is the DLS assay. This assay is a simple, one-step,
rapid, sensitive, and accurate method. When the proteins are
introduced to the AuNPs, they bind around them and form
larger aggregates. DLS measurement confirmed the size
variation of the nanoparticles (Figure S3). For example, in
30 nm nanoparticles before the addition of insulin, a uniform,
narrow peak at 30 nm is observed (Figure S3.1). After the
formation of AuNPs/insulin conjugates, their size increases,
resulting in a shift of the peak to a higher value (at 220 nm), as
observed in the DLS histogram (Figure S1.2). The DLS data
on nanoparticle size is also confirmed by the TEM image
(Figure 2S), which shows the formation of almost uniform-size
nanoparticles.
Figure S.4 shows the FTIR spectra of AuNPs before insulin

conjugation, pure insulin, and AuNPs after insulin conjugation.
The peaks at 1078 cm−1 (C−O stretching), 1394 cm−1

(symmetric C�O stretching), 1583 cm−1 (asymmetric C�
O stretching), and 2850−3700 cm−1 (O−H stretching)
observed in the AuNP spectrum show the presence of citrate
around the AuNPs. In single-phase AuNP synthesis methods,
sodium citrate has both stabilizing and reducing roles, and by
forming a layer around the nanoparticles, it prevents them
from aggregating.19 By comparing these spectra, it can be
concluded that by introducing insulin to the solution of
AuNPs, citrate ions have been replaced by insulin molecules.
The peaks associated with citrate disappear, and new peaks
similar to those of pure insulin spectra are observed. These
peaks appear at 1223 cm−1 (C−N stretching), 1442 and 1543
cm−1 (amid II C−H bending), 1631 cm−1 (amide I vibrational
mode, which can be assigned to random secondary structures
visible in the active insulin sample), 2960 cm−1 (CH3), 3074
cm−1 (sp2 for C�C−H), 3286 cm−1 (amide N−H stretching),
and 3431 cm−1 (C−H stretching).34 These peaks confirm the
presence of insulin on the surface of the nanoparticles. In
addition, the comparison of the spectra for insulin and AuNPs/
insulin conjugate does not show any significant changes in the
secondary structure of insulin, confirming that the interaction

Figure 2. Comparison of actual and predicted partitioning coefficient (K) of AuNPs/insulin.
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of insulin with the AuNPs does not affect the structural
stability of insulin.35

Figure 3 shows the constant response contours of AuNPs/
insulin partitioning coefficient based on pH, dextran MW,
nanoparticle size, and AuNPs/insulin load at 21% PEG 4000
and 5% dextran. The partition coefficient increases as the color
changes from blue to red. The partitioning coefficient also
increases with increasing dosage of AuNPs/insulin and
nanoparticle size, as well as with rising pH and dextran MW.
To better understand the effect of operating variables on

partitioning, 3D graphs were plotted for the response variable
against two independent variables while keeping the other five
variables constant. Figures 4−6 present these plots. The
optimal condition is indicated by red color in the 3D plots.
Figure 4 shows how the partitioning coefficient is affected by
the interaction between pH and dextran MW. The coefficient
increases as the molecular weight of dextran increases, reaching
a maximum at pH 8 and then decreases as pH increases to 9.
To comprehend the correlation between the partition

coefficient of a biomolecule and the pH of the system, it is
necessary to consider the nature of the charged amino acid
residues on the surface of the biomolecule and electrostatic
interactions between the biomolecule and polymers.2,36 The
partitioning results (shown in Table 2) indicate that at pH 5,
insulin partitioned into the dextran-rich phase, whereas
AuNPs/insulin partitioned into the PEG-rich phase. However,
at a pH above 7, the partitioning of insulin and AuNPs/insulin
occurred in the PEG-rich phase. At a pH of 5, the conjugation
to AuNPs changed the phase preference of insulin, whereas at
the other two pH values tested, the conjugation improved the
phase preference of insulin. Generally, negatively charged
biomolecules prefer the upper phase (PEG-rich phase), while
positively charged biomolecules partition to the lower phase
(dextran-rich phase). When the pH of a biomolecule rises
above its isoelectric point (pI), it becomes more negative,

resulting in an increase in the partition coefficient.2,37 Changes
in pH causes a shift in the phase preference due to variations in
insulin surface charge (pI = 5.4), and the magnitude of
partitioning depends on surface charges. The decrease in the
partitioning coefficient between pH 8 and 9 may be attributed
to changes in the insulin molecular structure and its interaction
with the aqueous environment, e.g., hydrophobic interac-
tions.38,39 The conjugation to AuNPs changed the surface
properties, and the high surface charge of the AuNPs

Figure 3. AuNPs/insulin partition coefficient constant response contours at 21% PEG 4000 and 5% dextran as a function of nanoparticle size and
dosage of AuNPs/insulin load for different pH and dextran molecular weights.

Figure 4. 3D response surface graph for partitioning coefficient of
AuNPs/insulin as a function of pH and dextran molecular weight [the
other variables were kept constant at 21% PEG 4000, 5% dextran,
AuNPs/insulin 100 (IU/mL), and 30 nm AuNPs].
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contributes to their excellent partitioning.20,40 Also, as the
molecular weight of dextran increases, the gap between
polymer networks decreases, reducing the space available for
molecules in the dextran phase. This leads to the volume
exclusion effect, which causes the biomolecules to partition
into the PEG phase, resulting in an increase in the AuNPs/
insulin partition coefficient.41 Figure 5 shows the impact of pH
changes on the partitioning factor, whereas dextran concen-
tration has no effect in the selected range.
Figure 6 illustrates the interactive effect of nanoparticle size

and dextran molecular weight. It is evident that at higher
dextran molecular weight, an increase in nanoparticle size has a
greater impact. Solute size has been reported to be a key factor

in determining the partition coefficient in an ATPS.2,42

However, it is challenging to explain the impact of size due
to the lack of control over other variables, such as shape,
presence, distribution of charged, hydrophobic, and hydro-
philic groups on the biomolecule surface.43,44 In this study,
different sized AuNPs/insulin conjugates were used to
investigate the effects of size on partitioning. The model
demonstrates a significant correlation between AuNPs/insulin
partitioning and conjugate size. An increase in the surface area
of AuNPs from 10 to 30 nm enhanced the partition coefficient.
The study shows that the size of AuNPs can greatly affect the
degree of partitioning and that conjugates may also
demonstrate significant partitioning.40

According to the model, the optimal molecular weight of
PEG is 4000. Increasing the molecular weight from 1000 to
4000 intensifies PEG hydrophobicity, resulting in the strongest
interaction with insulin. However, when the molecular weight
exceeds 6000, the partition coefficient decreases due to
excluded volume effects.
Increasing the amount of AuNPs/insulin to the system can

allow more particles to be interspersed between the polymer
chains. It is important to note that increasing the AuNPs/
insulin dosage to a certain level results in an increase in the
partition coefficient. However, if the amount of AuNPs/insulin
exceeds a certain value, the interaction between the polymer
and insulin decreases due to AuNPs/insulin accumulation in
the polymer chain. This leads to a decrease in the partition
coefficient.

5. CONCLUSIONS
This study demonstrates the use of AuNP bioconjugation as
having excellent potential to enhance protein purification in
ATPS. It was observed that the biological stability of insulin is
not affected by bioconjugation. The obtained results indicate
that the AuNPs/insulin bioconjugate system has a superior
extraction efficiency (more than 10 times) compared to the
insulin systems. The effect of different operating parameters on
the AuNPs/insulin partition behavior was investigated. The
partition coefficient of the bioconjugate is significantly affected
by pH, dextran MW, and AuNPs/insulin dosage. Furthermore,
simultaneous changes in these parameters with nanoparticle
size and polymer MW have interactive effects on protein
recovery. The optimization of this process is achieved by
employing RSM as a potential technique. At the optimum
operation conditions: pH of 8, 21% PEG 4000, 5% dextran
100,000, AuNPs/insulin 100 (IU/mL), and 30 nm AuNPs, a
partition coefficient of 192.96 was achieved. An extremely
good agreement was obtained between the experimental and
predicted results, hence verifying the validity of the model.
This work can provide a new practical approach for the
extraction, recovery, and purification of higher-purity, valuable
biological compounds for use in the biopharmaceutical
industry.
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Figure 5. 3D response surface graph for partitioning factors as a
function of pH and concentration of dextran [the other variables were
kept constant at 21% PEG 4000, dextran 100,000, AuNPs/insulin 100
(IU/mL), and 30 nm AuNPs].

Figure 6. 3D response surface graph for partitioning factors as a
function of nanoparticle size and dextran molecular weight [the other
variables were kept constant at pH 8, 21% PEG 4000, 5% dextran, and
AuNPs/insulin 100 (IU/mL)].
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