
Effect of pH on the 18 Vityo Absorption of 
Flufenamic Acid 

By ARMAND0 J. AGUIAR and RICHARD J. FIFELSKI 
The effect of pH on the in vitro absorption of flufenamic acid is studied using the 
“everted sac” technique. The study reveals that the passage of this drug through 
the gut membrane is by passive diffusion. The amount diffusing through is de- 
pendent on  the pH. Using Fick’s diffusion law, a method is presented to calculate 
the apparent permeability constant at each pH value, and to determine the permea- 
bilit:? constant. The  relative surface area of the membrane through which diffusion 

of the drug takes place is estimated from the amount of “bound” drug. 

FTER ORAL. administration, a drug to  act  A systemicztlly must be absorbed from the 
gastrointestinal tract. The  rate of absorption is 
dependent on t.wo independent processes: the rate 
of solution of the drug in the media and its rate 
of permeation through tlie gastric wall or intes- 
tinal lumeti. For a relatively insoluble drug (less 
than 0.01 mg./’ml.), the ratc of solution becomes a 
fundamcntal factor affecting the rate of absorp- 
tion. The remon is that  unless the drug dis- 
solves at a sufficiently rapid rate tlie nrcessary 
build-up of a n  effective concentration at the site 
of absorption will never occur. On the other 
hand, a relatively soluble drug will immediately 
saturate the systeni. I n  this case, the pcrmcation 
rate beromcs the important factor. 

There have been inany in z&o and iiz zizlo 
studies (1, 2) dealing with the passage of drugs 
through the gut. However, as far as the authors 
have been able to determine, there has been no 
attempt to treat the data  quantitatively as a 
diffusion phenomenon. 

This study is concerned with the effect of p H  on 
the in vitro absorption of flufenarnic acid,’ [!V- 
(oc,ol,ol-triAuorc,-m-tolyl) anthranilic acid], with a 
pRa of 3.9 anlcl solubility of 1 mg./ml. a t  pH i .0.  
Based on Fick’s law of diffusion, the apparent 
permeability (constant at each 1’11 value is cal- 
culated and the permeability constant is deter- 
mined. A method is presented to estimate the 
relative surface area of tlie gut niembranc through 
which diffusion of the drug takes place. 

THEOR1E:TICAL CONSIDERATIONS 

It has been known for many years ( I )  that cellular 
permeahility to weak electrolytes may be drarriati- 
cally affected by relatively small changes in the pII of 
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the suspending medium. Although this phe- 
nomenon is of general significance in all cells, only 
recently were good examples describcd in the case 
of the intestinal absorption (3-8). 

Absorption involves thc transfer or prrmeability 
of materials from the intestinal lunien into the 
rnucosal blood and lymph vcssels. In the classifica- 
tion of permeability, a primary division is made 
between passive diffusion and special mechanisms 
such as active transport, facilitated diffusion, and 
pinocytosis. It lias been shown that most drugs are 
absorbed by passive diffusion (3-5, 9). 

Passive or simple diffusion describes tlie passage 
of a molecule across a barrier from a rcgion of high 
to  a region of low concentration. This phenomenon 
is quantitatively described by Fick’s law ( lo) ,  which 
states that the driving force which causes the 
transfer of a substance from regions of high to  low 
concentrations is proportional to tlie concentration 
gradient or, 

<: = A- ( A )  (Co - Cl) (Eq. dt h 

where 

- _  - rate of movement of solute, s in mcg./min., 
at 
A = area of the membrane in 
K = constant, 
Co = amount of solute on the outside in mcg., 
CI = aInount ol  solute on the inside in mcg., 
h = thickness of tlie membrane in ail. 

When dealing with rncmbrancs, such as biological 
specimens, thc thickness, h, o l  the membrane is not 
known. This factor is then commonly combined 
with the constant K tu give a new constant P,, the 
apparent permeability constant. Equation 1 then 
bccomcs 

If tlic pcrmeability rate follows Eq. 2, a plot of 
amount uerszts time should be linear initially. The 
slope (II) of this line is equal to the change in 

ds amount with time, i e., to - 
d l  . 

Differentiating Rq. 2 with rcspcct to arc3 (11 ), we 
grt 

cs = d A P , ( C o  - C,) (Eq. 3) dt 
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An excised segment (about 6 cm. in lcngth) of thc 
small intestine of a golden hamster is everted so that 
the niucosa faces outward. Thc segment is sus- 
pended in a glass tube, with a side arm, by tying to a 
cannula which in turn is supported by a rubber 
stopper. Forty-five milliliters of a buffered solution 
at  the desired pH containing a known amount of the 
drug is addcd to thc tube and bathes the mucosal 
surface of thc intestine. A niixturc of N f j 6  oxygcn 
and 5% carbon diosidc is bubbled through the solu- 
tion through a longer cannula. Two milliliters of 
the buffer (without the drug) is placed inside the 
sac. The mholc assembly is placed in a constant- 
temperature bath set a t  37” =!= 0.5”. 

At known time intervals, the solution inside the 
intestine is removed for assay of flufcnamic acid. 
Two milliliters of buffer is added to  the inside of the 
intestine to rinse out any adhering drug and thc 
solution is assayed. At the same time period, 1 ml. 
of the outside solution is removed for assay. 

At thc cnd of a run, the intcstinal segment is 
taken out from the assembly, both surfaces washed 
3 times with water, dried a t  65’, powdcrcd and ex- 
tracted with 10 ml. of 0.1 it’ sodium hydroxide solu- 

’The term d2s /d tdA  can he cvaluated by plotting thc 
slope 11 versus the area -4 and determining the slope 
l2 of the resulting line. 12 is then numcrically cqual 
to dZs/dtd.4. Knowing CO - CI, PI can be cal- 
culated from Kq. 4 

It the pcrnicatinti r‘tte is ~ricasutcd a t  different pH 
values, P ,  can bc calculatcd for each pH. Further- 
more, the fraction of unioniLed moiety of the drug 
a t  different pH values can be determined theoreti- 
cally, and assuming that it is only the unionized 
species that traverse the barrier, the permeation 
constant I‘ can thcn be calculated, from thc rclation- 
ship 

where I; is the fraction of the unionized drug. P 
should then be a constant and independent of the 

The determination of the surface area of the 
membrane is difficult, particularly due to the pres- 
ence of the villi on the surface of the intestinal wall. 
In this study, thc concept of relativc surfacc area is 
used. The apparent permeability constants de- 
rived arc, thercforc, relativc; ncverthelcss, they are 
useful for comparing the transfer of the drug urider 
diffcrent conditions. 

Flufenamic acid is “bound”2 to the intestine. 
A t  a particular concentration, thc quantity “bound” 
is directly proportional to the surface area exposed 
or onc can write 

Q = k$ (Eq. 6)  

PH. 

where Q = quantity of drug “bound” a t  a given 
conccntration, k = constant, A = surfacc area. 

If, then, for a series of experiments, a t  a particular 
concentration of the drug, onc dctcrmincs am avcrage 
Q and assumes that A is 1, for the series, k can be 
calculated. This k can then be used to calculate 
othcr relativc surface arcas il the concentration or 
“bound” drug is known. 

METHODOLOGY 

To study adsorption of drugs both in oioo and in 
aitro procedures have been used. The sclcction of 
the method depends on the type of information 
desired. In this connection, Laster (11) points out 
that in airlo mcthods, e.g., measuring the disappear- 
ancc of a test substance from the gut or its appear- 
ance in the body fluids, tend to yield over-all rcsults 
determined by a number of processes of which 
absorption is only one. On tlie other hand, he 
statcs that if excised intestinal tissue is studied in 
vitro, discretc absorption patterns may be estab- 
lished. However, it  must be rcmembcrcd that ex- 
cised segments are deprived of their blood and lymph 
flows and depend on their oxygen supply on the dif- 
fusion of the gas across the epithelium. 

From a numbcr of in z&o methods available to  
study absorption, the authors used in thcse studics 
the everted-sac technique as modified by Crane and 
Wilson (12). 

2 The use of the term “bound” does not imply adsorption. 
The  exact nature of physical and,’or chemical interaction of 
Rufenamic acid with the gut membrane is being investigated 
and will be the subject of a future presentation. 

TABLE I.-PERMEATIOP; OF FLUFENAMIC ACID A T  
pH 7.6 (COXCENTRATION OH OUTSIDS SOLIITION, 20 

mcg./ml.) 
~- ~~ 

Time, ----- 
min Run 1 

15 13.6 
20 
30 25.9 
40 
45 36.35 
60 43.35 

- 

- 

-hmt Found Inidc ,  mrg.- 
IZuri 2 Hun 3 
14.6 7.5 

17.3 8 .2  

2 5 . 1  15.9 
29.35 15 .2  

- - 

-. .- 

~- 
Nun 4 
- 
8.68 
- 

19.9 

30.6 
_- 

TABLE II.-“BouND” DRUG, RELATIVE SURFACE 
AKEA, AND RATE AT pH 7.2 

________ ~ ~~ ~- 

Rate of 
“nmmd” Relative Permeation, 

Run Drug, mcg. Surface Area mca./min. 
1 152 2.47 0.725 - 61 1.0 0 . 4  
3 29 0.48 0.25 
4 87 1.42 0.55 

7 

I 
10 20 30 40 50 bb $0 

TIME, rnin. 

Fig. 1.-Plot of ratc of permeation a t  pH 7.2 
showing dependency on relativc surface area. 
Key: Z, 1.42; 0,0.48: 0, 1.0; X, 2.47. 
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Fig. 2.-Plot of permeation rate 
”JBYSUS relative surface area a t  pH 
5.0 ( X )  :tiid pH 7.0 (a). 

RELATIVE SURFACE AREA 

TABLE I II.-PERMEATION OF FLUFENAMIC ACID AT 
p H  Ti.0 (CONCENTRATIO?; OF OUTSIDE SOLUTION 20 

mcg./ml.) 
-~ 
~~ ~ ~~ 

r- Am1 
,, Lime, min Run 1 

15 10.88 
20 
30 27.0 
50 

52 0 60 
75 

- 

- 

- 

Found Inside, mcg 
Run 2 R u n  3 

- 15.5 
13.95 - 

- - 
- 49.05 

~ 31.0 
- 56.0 

- 2 0  4o 50 60 m ao 
T I M E ,  rnin. 

Fig. 3.--Plot of rate of absorption at  pII 5.0 
(three separate determinations). Initial cunccn- 
tration of outside solution 20 mcg./ml. 

tion to  remove any “bound” drug. I t  was neccs- 
sary to follow this procedure to remove the “bound” 
drug since it adhered quite strongly to  the gut mcm- 
brane and could not be removcd by simple washing 
\vith water or buffer solutions. 

All sampks lare assayed using an Amirico Bowman 
spectrophotofluorometer, employing the assay proce- 
dure of Glazko and Dill (13). 

The composition of the buffer used is: 

mtnoles/T,. 
Sodium chloride. . . . . . . . . . . . . . . . . . . . . .  14.5 
Potassium chloride.. . . . . . . . . . . . . . . . .  4.56 
C:alciurn chloride.. . . . . . . . . . . . . . . . . . .  1.25 
Sodium phosphate (dibasic) . . . . . . . . . . .  1.33 
Sodium phosphate ( monobasic) . . . . . . .  0.33 
Distilled water.. . . . . . . . . . . . . . . . . . . . .  y.s. 
pI3 of buffer 7.2 

The buffcr is adjusted to pH 5.0, 3.9, and 2.5 by 
adding 20 mrnoles of aspartic acid to the above solu- 
tion and adjusting thc pH with sodium hydroxide or 
hydrochloric acid solution. 

RESULTS AND DISCUSSION 

The quantity of drug which permeates through the 
intestine a t  different time intervals a t  pH 7.2 is 
given in Table I. This quantity represents the sum 
of the assays of the sample withdrawn from the 
insidc of the intestinal segment, and the 2-ml. 
sample used to  wash the inside. The initial concen- 
tration of the drug in thc outside solution is 20 mcg. 
of flufenamic acid per ml. The results of four 
separatc determinations arc shown. 

The quantity of “bound” drug for each of the runs 
and the relative surface area calculatcd from this 
are given in Table 11. It is apparent from Table I1 
that th rcelative surface area of the gut membranes, 
as gauged from the “bound” drug, varies consider- 
ably. This was due to the difference in thickness of 
the gut segments of the different animals used in 
this study. 

The quantity of drug which permeates at pH 7.2 
is plotted against time in Fig. 1. The slope of the 

TABLE IV --(‘BOUND” DRUG, RELATIVE SURFACE 
AREA, AND RATE AT pII 5.0 

~- ~ -~ ~~ ~ _ _ _ -  
~~ ~~~~ _ _ _ _ _ ~  

Rate uf 

Run rma. mca Suiface Ares. mca /min 
“Bound” Permeation, 

- -  
1 108 1 0.87.5 
2 179 1.06 0.9 
3 130 0.774 0 8 

TABLE V.-PERMEATION A T  pH 5.0 (CONCENTRATION 
OF OUTSIDE SOLUTIOS, 15 I~lCg. /d . )  

--Amt. Found Inside, mcg.-- 
Titnc, min. Run 1 R u n 2  R u n 3  

8.55 - 1,5 18.3 
20 
30 

- 9.4 
17.35 - 16.4 

:L? 7 

- 

- - 4n -_  . 
45 21.2 - 26.2 
60 

“Bound” drug, mcg. 91 .3  105.6 142.8 
40.0 28.7 - 

Rate of pernieation, 
mcg /min 0 65 0 65 0 59 
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lines gives the rate of permeation in accordance with 
Eq. 2. 

In Fig. 2, the rate of pcrmeation is plotted against 
relative surface area. By determining the slope and 
using Eq. 4, the apparent permeability constant 1’1 
is calculated. 

Thcsc values are also included in Tablc 11. 

TABLE VI.-PERMEATION AT pH 5.0 ( CONCESTKA- 
TION OF OUTSIDE SOLUTION, 5 nicg./nil.) 

~ ~~~ ~ ~ _ _ _ _  
-Amt. Found Inaide, mcg.--- 

Time. min. Run 1 R u n 2  Run 3 R u n 4  
15 2.55 - 1 . 9  - 
30 7.1 4 . 9  4.9 8 .6  
46 7.8 - 5 . 4  - 

60 20.0 14.0 i . 5 5  12.95 
“Btmntl” drug, 

Rate oi perineation, 
1ncg. 38 24 36.T 47 

mcg. /niin. 0.36 0.24 0 . 1 3  0.23 

TABLE \rII.-PERMEATION AT pH 5.0 (CONCENTRA- 
TION OF OUTSIDE SOLUTIOS, 2 mcg./nil.) 

Time, min. Run 1 R u n 2  
15 0.66 -. 

1.08 20 
40 2.09 1.19 
60 2.68 3.21 

- 

“Round” drug, mcg. 6.93 11.6 
Kate of pemiention, mcg./min. 0.051 0.051 

Fig. 4.--Pcrmcation rate as a function ol initial 
concentration of  outside solution, pH 5.0. 

Similarly, the quantity of drug which permeates 
a t  pH 5.0, when a concentration of 20 mcg./nil. is 
niaintained on tlie outside, is givcn in Table 111 and 
shown in Fig. 3. 

‘IIie quantity of “bound” drug, relative surfacc 
arca, and rate of permeation a t  pH 5.0 are given in 
‘I’ahle I\‘, 

If Fick’s law is applicable, thc permeation rate 
should vary with the concentration of the drug in the 
outside solution, since the gradicnt across the mem- 
brane is proportional to the concentration. To test 
this hypothesis, permeation ratrs were determined 
a t  pH 5, using solutions containing 2, 5, and 15 rncg. 
of the acid per nil. The results are given in Tables 
V, VI,  and VII. For convenience, the rate of 
permeation and concentration of “bound” drug are 
also included in these tables. 

A plot of permeation rate z’euws concentration :it 
pII 5.0 is shown in Fig. 4. It is apparent. that a 
linear relationship exists bctw.t.Cn the rate and cori- 
centration of the outside solution. This is in agree- 
ment with Fick’s law. 

The quantity of drug “bound” in the tnembraue is 
also proportional to the concentration outside. 
Thus  a plot of “bound” drug zwsws concentration 
should be linear, which is shown in Fig. 5. This is 
not surprising if one considers the nature of the 
membrane barrier. If one assumes that it is a t  
least two to  thrcc cells thick, a t  a given time there 
is a certain amount of drug in the membrane. 3‘hc 
quantity is proportional to the concentration gratl- 
icnt which in turn is determined by the concentra- 
tion of the solution. 

At low pH values, the solubility of flufenamic acid 
is limited; therefore, it is not possible to carry out 
studies using solutions containing 20 mcg./ml., as is 
done a t  pH 7.2 and 5.0. The studies a t  pII 2.5 and 
3.9 are, therefore, carried out using solutions con- 
taining 2 mcg. of the drug pcr ml. In order to have 
a basis for comparison, the permeation rates for 20 
nicg./tnl. concentration are then computed from the 
valuc of 2 mcg./ml. It is felt that this procedure is 
valid since the concentration dcpcndency should 
hold a t  pI12.5 and 3.9 as was shown a t  pH 5.0. 

‘I’he data are given in Tables VIII, IX, and X, 
and a plot of permeation rate zwsus relative surface 
area a t  these pH values is shown in Fig. 6. 

Fig. S.--Plot of “bound drug” 
versus initial concentration of 
outside solution, pH 5.0. 

5 10 15 20 
INITIAL CONCN. (OUTSIDE SOLN.), mcg./ml. 
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T A B L E  \:III.-PEKMEATION A’I‘ pk1 ;j.<j (CONCENTRATIOX O F  oUI’SIDI3 SOLUTION, 2 Illcg./Ill~.) 
~ 

~~ 

- 
,--- Amt. Found Inside, mcg.- 7 

15 4.22 1.82 1.90 1 .7  1.20 
3 0 - 2.35 1.40 5 70 - 

Time, min. Run 1 Run 2 Rim 3 Run 4 Kun 5 

45 
t i 0  

“ Bt )UI i d  ” (1 rug, tncg. 
Relative surface area 

4.82 2.67 2.20 6.45 3 .32  
- 8.1 (i . 3  3.75 9 . 8  

1.19 1 0.68 1.09 0.94 
15.4 13 8.87 14.2 12.2 

Rate of permeation, ~ncg./initi. cotiiputed to 
:20 mcg./n1l. concn. 2 . 3  1.68 0.924 2.6 1.58 

TABLE IX.--I’ICRRIEATION AT pII 2.5 ( CONCENTRA- 
TION OF OUTSIDE SOLUTION, 2 mcg./ml.) 

~~ 

’I I m i ’ ,  n i in  

1.5 
20 
3i) 
40 
45 
60 

“Bourid” drug, 

Relative surfaci: 

Kate of permea- 

rncg. 

area 

t iori, mcg./nii 11. 
computed to 20 
1ncg. /ml. coI1’:II. 

-.4mt. 
R u n  1 

1.8 

f i .  35 

3.05 
5.80 

- 

- 

Found Inside. mcg.-- 
K u n  2 R u n  :i Kiln 4 

1 . 3  2 . o  - 
1.65 

2.35 - 
8.85 

5. 35 6 .  0.5 - 
4.85 9 . 0  10.12 

- - 
- 
.- - 

29.25 27 33.75 36.98 

1 0 $123 1 15 1.26 

1.50 1.56 2.32 2.85 

’r AULE )i.---. A P P A R E N T  PERMEAI>ILI~L.T COXSTANTS 
1’1 AND P 

7.2 0.05 2 . C; 52 
5 . 0 7.36 3 . 7  50 
3.9 50.0 29 1 58 
2 . 5  96.19 52.0 54 

The appnreiil permeability constants PI a t  cach 
pH value is calculated using Eq. 4. This is shown 
in Table X,  togtthrr with tlir values for the  permea- 
bility constant P, ralculatcd from Eq. 5, and the pcr 
rcnt of unionizcd drug. 

From Table X it is evident that the permeability 
co~istant 1’ derived fur measurements a t  each pH 
value is in excellent agrcement. Furthermore, it is 
apparcnt that a t  pH 2.5 the pcrmcation of flufe- 
naniic acid is 20 times faster than a t  pH 7.2. ‘ h e  
study also shows that flufensrnic acid follows the 
postulation (2-4, 8) that it is orily the unionized 

its iliptritl solubility hypotli(+,. Sincc a t  pH 2..5 thc 
drup- is approxiiiiately 96(,’; unionized, it is to be 
expected that t1ie rate would 11c much faster than at  
I I H  7.2, at rvliicli only 0.03‘,’;~ of the drug is iii thi. 
unionized f l  )rm. 

I n  this study :a. pruccciure is dcscribcd definiug the 
permeation of flufenamic acid in terms of Pick’s dif- 
fusiou law. Perhaps this approach could be used in 

lrloacty of the tirug that pa s ttirough a cell. duc to 

0 0 5  10 1 5  

RELATIVE SURFACE AREA 

Fig 0 -1’lot of permeation rat? wysus relativc stir- 
face area at pH 2.5 ( X )  and pH 3.9 (*). 

describing the passage of other drugs through the 
gut mcmbrane, particularly those drugs which have 
an afitinityfor binding with the membrane. It is also 
suggested that in this type of measurement, the 
quantity of drug in the membrane should be deter- 
mined. In some instances, as was found in this 
study, this can be considerable. 
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