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Introduction
Drug action in living organisms is a result of a large number 
of pharmacological processes.  As the most abundant protein 
in human plasma, human serum albumin (HSA) interacts 
with a wide range of endogenous and exogenous compounds.  
HSA binding affects the unbound (free) drug concentrations 
in blood; only the unbound drug compound is pharmacologi-
cally active and capable of crossing cell membranes, which 
significantly affects its distribution, metabolism, elimination, 
toxicity and biological activity.  Because of its clinical and 
pharmaceutical importance, a great deal of attention has been 
paid to the study of HSA interactions with a number of natu-
ral or synthetic active compounds.

Numerous methods have been applied to study the bind-
ing properties of drugs to HSA, including equilibrium dialy-
sis, ultrafiltration and gel filtration[1–3].  These techniques 
are usually time-consuming, can suffer loss of the analyte to 
membranes, and can create a shift in the binding equilibrium 

during separation.  Solid phase microextraction (SPME) was 
initially developed as a simple extraction method.  The extrac-
tion medium is the polymer coating of an optical silica fiber.  
The fiber can release the extracted analyte using heat with gas 
chromatography (GC), or an organic solvent with high perfor-
mance liquid chromatography (HPLC).  The main advantage 
of SPME is its elegant combination of the sampling, concentra-
tion and separation processes in a single step, hence reducing 
time, labor and polluting organic solvents.  SPME is simple 
and low-cost and has been applied to various areas, including 
environmental, biological and pharmaceutical analysis[4–8].  

An interesting application is that SPME can be used in 
negligible-depletion extraction mode (nd-SPME) for free 
analyte determination in matrix samples[9–11].  Nd-SPME can 
be applied by exposing the fiber in the headspace above the 
sample (headspace nd-SPME) or direct immersion in the 
sample.  The advantage of headspace nd-SPME sampling is 
that the matrix in the sample cannot interfere with the fiber.  
The equilibrium between the free analyte and the protein-
bound analyte is not disturbed.  Thus, the extracted amount of 
analyte is proportional to the free drug concentration without 
interference from the protein binding matrix.
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Borneol (Figure 1), a monoterpenoid alcohol, is a semi-vola-
tile active drug component that is consumed widely, particu-
larly in combined formulas for preventing and curing cardio-
vascular disease in traditional Chinese medicines[12–14].  Borneol 
has multiple biological and pharmacological activities, includ-
ing inhibition of acetylcholine-mediated effects[15], enhancing 
the adsorption of tetramethylpyrazine phosphate[16], modula-
tion of bone metabolism[17] and GABA action[18].  Borneol was 
also approved by the US FDA as a flavor (21 CFR 172.515).  To 
understand the pharmacokinetic and pharmacodynamic prop-
erties of borneol, it is necessary to study its binding properties 
to HSA.  To our knowledge, this is the first report to study 
borneol-HSA binding properties.  

In this paper, we simulated physiological conditions with a 
fixed HSA concentration (600 µmol/L), 67 mmol/L phosphate 
solution (pH 7.4, 37 °C) and serially increasing concentration 
of borneol solutions, which were pre-equilibrated prior to 
headspace nd-SPME extraction.  The free amount of borneol in 
the binding solution was calculated from the linear response 
by GC determination.  The borneol-HSA binding constant and 
binding percentage were also obtained.  

Experimental
Instrumentation
An Agilent 6890N GC coupled with an FID detector and Agi-
lent Chemstation software (Version A.10.02) (Wilmington, 
USA) was used throughout the study.  A DB-WAXETR capil-
lary column (30 m × 0.32 mm i.d., 0.5 µm film thickness) and 
10 mL headspace vials fitted with septa and crimp caps were 
obtained from Agilent Technologies (Wilmington, USA).  The 
SPME manual holder and fibers coated with Carboxen/Divi-
nylbenzene/Polydimethylsiloxane (CAR/DVB/PDMS, 50/30 
µm thickness), PDMS/DVB (65 µm thickness) and CAR/
PDMS (75 µm thickness) were purchased from Supelco (Belle-
fonte, USA).  These fibers were conditioned in the GC injection 
port at 250 °C prior to use.  A Sartorius PB-10 pH meter (Sar-
torius, Germany) was employed to adjust the pH of the phos-
phate buffer solution.  Water was purified with a Sartorius 
Arium 631 purification system (Goettingen, Germany).

Nitrogen gas (99.9999%) served as the carrier gas at a con-
stant pressure of 8.0 psi.  The column temperature was kept 
at 40 °C for 5 min, raised to 160 °C at 20 °C/min and held for 

5 min, and then further to 220 °C at 30 °C/min and held for 2 
min.  The injection port and the detector were set at 240 °C and 
250 °C, respectively.  The fiber was inserted into the injection 
port for 1.5 min and then purged-off for 15 min to make sure 
there was no carry-over observed between samples.  The inlet 
was switched to purge-on until the end of the run time, and 
the SPME fiber was removed from the injector simultaneously.  

Standards and samples 
Borneol (>99%) was obtained from National Institute for the 
Control of Pharmaceuticals and Biological Products (Beijing, 
China).  HSA stock solution (200 g/L, Lot No 200602010) 
was obtained from Shanghai Institute of Biological Products 
(Shanghai, China).  Analytical-grade 1,2-propylene glycol was 
obtained from Sinopharm Chemical Reagent Co (Shanghai, 
China).  

Phosphate buffer solution (67 mmol/L, PBS) was prepared 
by dissolving the appropriate amount of sodium dihydrogen 
phosphate dehydrate in water and adjusting the pH at 7.4 with 
1 mol/L NaOH.  Borneol stock solution (10 mmol/L) was pre-
pared by dissolving an appropriate amount of borneol in 1,2-
propylene glycol.  Borneol standard calibration solutions were 
prepared from the stock solution by dilution with 67 mmol/L 
PBS to a concentration range of 0.4 µmol/L to 16.3 µmol/L.  
Serial concentration of binding solutions of borneol-HSA (bor-
neol: 1.0–20.4 µmol/L, HSA: 600 µmol/L) were prepared by 
mixing borneol stock solution and HSA stock solution appro-
priately in 10-mL headspace vials and kept at equilibrium 
at 37 °C for 24 h.  The contents of 1,2-propylene glycol in the 
standard calibration solutions and binding solutions were all 
maintained at 0.2% (v/v) to ensure the sufficient solubility of 
borneol without obvious disturbance from possible competing 
binding to HSA.  

Results and discussion
To investigate physiologically relevant binding properties, 
the pH value, the concentration of the PBS solution and the 
equilibrium temperature were set close to physiological condi-
tions.  The concentration of borneol in the binding solutions 
was measured around a possible therapeutic level.  

A 65-µm PDMS/DVB fiber, 50/30-µm CAR/DVB/PDMS 
fiber and 75-µm CAR/PDMS fiber were evaluated based on 
their extraction performance.  The 65-µm PDMS/DVB fiber 
showed a higher extraction capacity for borneol while the 
50/30-µm CAR/DVB/PDMS and 75-µm CAR/PDMS showed 
some disturbance shift, perhaps caused by a minor affinity 
to other volatile impurities in the solutions.  Thus, the 65-µm 
PDMS/DVB fiber was chosen for further optimization.  Dur-
ing the extraction process, the extraction temperature was 
maintained at 37 °C to leave the existing equilibrium intact.  
The relationships of borneol freely dissolved in aqueous phase 
(Df), bound to HSA (Db), distributed in the headspace (Dh) and 
extracted from the coating fiber (Ds) are shown in Figure 2.

It is generally accepted[11] that three requirements should be 
met for the correct application of negligible depletion SPME 
in matrix-binding studies: (1) there is equilibrium between 

Figure 1.  Chemical structure of borneol.
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the bound and the free fraction of the analyte; (2) the binding 
matrix does not interfere with the extraction; and (3) the deple-
tion of the free analyte fraction is negligible.  The equilibrium 
between borneol and HSA was investigated between 0.5 h and 
48 h.  It was found that the equilibrium could be reached at 
24 h.  To verify that the HSA binding matrix does not interfere 
with the analysis, SPME was applied to a sample vial contain-
ing only HSA at the selected concentration.  No interference 
or new peak was observed in the GC chromatogram.  For the 
last requirement, which is the most critical, there has been a 
debate.  As the depletion can never be 0%, the limit has to be 
set until which the depletion is considered to be negligible.  
Some researchers have set the maximum limit of depletion 
to be 10%[20, 21].  The depletion was calculated by dividing 
the mass found to be adsorbed in the fiber by the total initial 
analyte mass in the solution.  Based on the further consider-
ations of precision and negligible depletion, the extraction 
time ranged from 5 to 45 min was investigated for the borneol 
solutions in the absence of HSA.  It was confirmed that 10 min 
of extraction time could satisfactorily fulfill the both consid-
erations.  The amount of borneol partitioned in the headspace 
relative to the initial total amount was less than 1%, which 
was calculated by comparing the peak area counts in the head-
space using SPME injection and using direct injection of the 
borneol standard calibration solutions.  The relative standard 
deviation (RSD %) for the assay precision were determined to 
be 4.83% and 1.65% at low (0.4 µmol/L) and high concentra-
tions (0.4 µmol/L) of borneol, respectively.  

Representative chromatograms with HSA absent and pres-
ent are shown in Figure 3.  A significant decrease of area 
response for borneol was observed in the presence of HSA, 
indicating some binding behavior.  The binding between 
borneol (D) and HSA (P) can be described by the following 
equilibrium[19]:

where Kp is the affinity constant of borneol-HSA binding com-

plex, which is defined as:

where Pt was estimated as the initial concentration of the HSA 
in the binding solutions (Pt=600 µmol/L), and Df and Db were 
the concentration of freely dissolved and bound borneol in the 
binding solutions, respectively.  Since Pt  was much larger than 
Db  in this study, equation (2) can be reduced to:

A series of borneol calibration solutions was prepared to 
construct a linear calibration for determining the free bor-
neol concentration in the binding solutions.  The calibration 
equation was constructed as the response area (y) versus 
the borneol concentration (x).  We determined this to be 
y=93.01x+1.77 with a regression coefficient (R2) of 0.9998, over 
the borneol concentration range of 0.4−16.3 µmol/L.  The limit 
of detection was determined to be 0.01 µmol/L with a signal-
to-noise ratio of 3.  The lower limit of quantitation (LLOQ), 
defined as the lowest concentration with standard deviation 
of accuracy within 10%, was 0.4 µmol/L.  The freely dissolved 
borneol concentration (Df) in the presence of HSA was calcu-
lated from the above calibration equation by measuring the 
concentration of borneol in the headspace.  The bound concen-
tration (Db) could then be obtained through the mass balance 
in the binding solution:

                                        Db=D0–Df                                                                           (4)
where D0 is the total initial concentration of borneol in the 
binding solution.  The unbound borneol fraction, fu, is defined 
as the ratio of Df to D0 at equilibrium:

The bound borneol fraction, fb, is defined as fb=1–fu, which 
is commonly referred to as the percentage of protein binding.  
Figure 4 shows that Df and D0 had a linear relationship (Df= 

Figure 2.  Partition of borneol in a four-phase system.
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Figure 3.  Representative chromatograms of (A) standard solution of 
borneol in the absence of HSA; (B) binding solution in the presence of 
600 µmol/L HSA.  (○) 1,2-Propylene glycol; (●) Borneol.  Experimental 
conditions are described in the text.
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0.405D0, R2=0.9991), which meant that the percentage of pro-
tein binding was fb %=(1−0.405)×100=59.5%.  The mean value 
of Kp was thus obtained from Equation (3) as 2.4×103 (mol/L)–1.  
The value range of Kp suggested that the binding of borneol 
with HSA was moderate under near physiological conditions.  

To fully understand the binding characteristics of borneol 
in human plasma, further studies of binding to other proteins 
in plasma, such as α-acid glycoprotein (AAG), lipoproteins, or 
others, could be conducted based on our proposed method of 
headspace nd-SPME extraction coupled with GC.

Conclusions
As borneol is one of many widely used active ingredients 
in traditional Chinese medicine, it is helpful to understand 
its pharmacokinetic and pharmacodynamic properties by 
studying its binding affinity to plasma proteins.  This work 
demonstrates a convenient application of nd-SPME coupled 
with GC to study the binding of borneol to HSA.  This method 
overcomes the drawbacks of traditional methods such as 
equilibrium dialysis or ultrafiltration, which suffer from the 
loss of volatile components in the binding or transfer process.  
The method can also prevent matrix effects or disturbance of 
uptake kinetics.  Future studies will reveal borneol binding 
characteristics to other proteins in human plasma, such as 
AAG and lipoproteins.  This method allows further protein-
binding studies for other volatile or semi-volatile active ingre-
dients in traditional Chinese medicines.  
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